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ABSTRtICT

The purpose c±' tlii- ruport 1Is to descrilx. ani *xpez1&&A..1 ircvestigatioti

~aoocvfk : he behavior of a few structural. Luod-e " a rg treuu

conditious aplied in times thait cor~ejjpuna to th-, raspon.-; which migbt be eA-

citscd in ship structures by uadervater exploulon or air b-Lat loadi~ng, or an

buiiding 3crw~tura by earthquake shock or the expo.Aiva of a larg( scul. wuapor.

Tb&-~ en wfterIn6 &.pecLs of maw~rlsi bwhavior are emhujiztA.

The tt.st* a. nlitd uri.xial z .ress appUi'd In either tanslon or cnpres-

^Lo, vd fl~urI streas yroduced by, thir-polnt 1L,&1iig of M-1. beaa.z of'

,,ectan~juiDLr suc-iua. Me rise tirn.,s of +.b& ioa&1n%% wur-- vairiea from a fteV

zilisecoiWs taseveral. jrutes. Au attal 1-- rm&d toc cc'rrt.2.stue the reali

obtan~.d I~n the uni&Ai.. 1 Utreall*.CtetS W~h thu obt"wuc& 3a tiluurf4.

The app-icsM2J~y ol the. z- PultVa oftU lJ~ibvesiat~on ' thejq~ek

px.ablha of detexv1uiinW the bvlitvior oft strui.,turt-. ULii;r trenalca l~r' oa4Uiga~

producing eXt.CP~iVL inm'iaatic d&'Qt'oiQ 1Sn If;s~~e.f~
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THE EINEEHRIG BEHAVIOR OF STRUCTURAL METALS LNDER SLOW ,

1. GENERAL IiPn .CrION

1.1 Introductoi

The purpse or the investigation wnic,1 was conu.acted at the Uaiversit7

of Illinois under C( ,xract N:nr-1834(OI) v"u to determine the time sensitive

slress-defornation characterisLics or IL,: -ore commonly used structural metals,

and th engineeriug significance of this inforuvAtion in the solution of probltms

conieraud w!th thi behavior of attal atructures undeir transient dyna.ic loada

*~producing extensi've inelatic defuratio"u.

The work which was done on the project can be divided arbitrarily into

three related parts: (1) The testing of structural Metals uader uh t tLl stress

coudl dLus which we ptfoduced 61owly or rpldly, (2) the correlation of these

bs VAior 0 with the ones obtained under conditiorw o. slowly or rapidly applied

flexural stress, (3) the dw v#opmeut o' the sperial te-itlng apparatus required

for the ex-wrimental work. Uleat phases also form the major diviLions of this

relort.

In the first pa,-t of the rejort is iscsed the baic apparatus devel-

oped at th Unirv t,.v of Illn111mc for uc in the 6ppll.stlun uf slow to rapidl

loads to uaisxilIly strased cowns, s9.l beams, or model frawa. Sipce

special fixtures tud inbtrumnatation wrt. ne-s y for each type of test. only

the basic apparatus will be diacusced In this section. The details of the fix-

,. - 'itr nttiOu iiill 1w described in the other sections of i-c. report

which pertain to the &ctual testing program ; these ax- &Sctlo n 2 wnd 3 which

describe respectively the uniaxial stress studies and the flexural stress studies.



The investigations conducted at the University of Tllinois as a part of

Contract Nour- 54(01) ware concerned with the engiznering aspects of the behavior

of the materials and structural etlements und r couditions of slow and rapid stres--

ing. Tha _t-a-.lurgical and f &dieLl lhysicil nature of the aefuxnation process

was beyond the csco - of thiv project. Rowever, an attempt was made to classify

the matrials -&.ich were tested by evuluati-Z and recording the metallurgical. a-

tures and the chemical compolticns involved. 1
1.23 Score

In the investigation described in this report small specimen of

several sizes, shbApes, and materials were tasted at roo teperature unAer stres j
condtionas which for s e steels included uaiaiisl tanjs on, unianxal compresson,

and flexure. These "stressinga" were applied with a specially :onstructed xMhin

that permitted InAs enadt. control of the "rise" time or the lo-aing, the m"i uiaw

loead, duration of the load, and the time of load decay. (This machine was de-

signed not only f'or this investigation, but for general use as a pulse loading 1
unit capable of applying a controlled load of 20,000 11b uisxix=s to small struc-1

tural elmitat in times as short as 0.005 seconds.)

In most of the tea, the loads were held at conit~it levels after

application until the yieldin" pro-ess had boen a pc!ted. The main vs iahlea of

the experimntal investigations vore:
Un 1 ax ial Teualon

I. iRise time uf ioad (0.005 second miniz-ni to appn-w-ately 100 ,

2. Maximum ztress level

3. The type of steel (oemi-klled, riwed, low-alloy)



4 ~. Msnnur of !oadirig (t.',P.5ion, r~ompr-s*ion, ard. revtxut: liadlgs,

eSamn# secondaryr va-imblfa of the unia;,Iai tests ue

a. Manner of' t.rvatvi. (ma-rolled, aaaealtd before machining,

I annealhed W-Lter xAc-'iug

U . Surface rials~i (N.!-MaChaned, polisahed, ratched)

Ii 5. Levti. uf la.±~ .nd

response rhamrteriatice, records with maxp'c W~ time wer taken of tkie nomar*.1

apcr'1.cn rtBistIflg streb, aurfac L extraine, ou4 averng,- 4-10',atlon over the

I gagt"i 1eagth of tht: opecimiu n- rc th~sF: ro-d the z-e.at'amsn btve streos,

Pr ainmd tize ucre drt.tu1ired for '.ke vurioLjs tests.

The reu.a of' tht Unie.AI&i. tLrnaloi. and ccpr' .1n tests -u, presented

jand dicumaftd in v'~mu of 'i) Q. Iize m~ly ', +i iit-'ation of a siguificaut

I iwunt. of yi.Jding, (2) tl-~ ra.~ of gvr..jal yl -lirI whe're appItrable, and

the* general. nature of tke e'r.. i--,*riLTh-'Lt to-I.&v'or or th-, v&LrIuujr metals

Qz t4 sio a d rb,;ic rm-xr&. t, of em& b, t& of r-'ctaniular

sectiou under tl~±rd-poir,* joDjirg. erXrU'gb Infforuaatiolox.U6a obtained that tj~he tilnt

dpenIL-at s*trebE-+r&tn btIh&vIc. In ' !.e l'a". xurft rt!6Aon of the bekm eould

be detenainet. An i ie r-dl* i -rdilat '.i belaivior vith the InI'orwa-

* ion obtstlned ffra ualaxihal t--Lfs of thfe s&A& ma*FtriuJ.



2. RAID LOA1IN., ANDi STRAI14iNG EQUIFR41.T

2.1 Introduction

Pie~ equipment used for producing the lotuL- andl the deform.-tions

required du~rlrlg the i-cc 011 the -ir-ject %;uriated off two types; those in which

ucealal deforsatiou was the quantity mast. nearly inae'pendent. of the aptciuun be-

"avior ( .tandard hydraulic and screw-type. univeralJ tesLing machines &ud a

specially constructed b~'drtAuJi & atuatox), "ud the slow and rap~id pne~tic

.loadin unit withL vktdck raminal lua tt%,t are ueinrly indcptndxnt of spuci"'11

reapo.wse could be producud. The pix-uatic unit i8 hcr&f...- alLe LIe pulse

loadllrA3 unit.

The Baldwin universalJ hydraulic testing macthiae which wasn used a the

load staudard in all kimasimneter caJ.1bratious, wasn also used for &A.nY of t!".e

slow tenta ziw at ratesa c~fofrsIng to A.i34 sp.eci"tiov A YIO-'&T. Hiowever., In

the later stagej) of the pr.1ject., for convenlence in use~ of the oxcillograpi

oqaitpment with wh~ich all slow LAn rapil tests were recorded4, a 1zydiaoic e.ctuatnr

systemi affordia rwislnai straioir. control at slow rates of deformatiun was de-

v1sed. Thib cou.-d be qilAckly c"*act-ed La ie.'lrd. w1!.h the pulse loading unit so

that no change of ei..har atruxteritatiou ccnnectioanz or sM~4~ iLuaea wan

necesasarzy ir. changing from slow uxtrelizj7 tests to rneid loaid1, tes~ts.

2.2 Deecripticon of the Loftdi~ AaaH

For UL Iitiali purpoi':rn of ttt inveatIgOalcn, a dcvi;;: that would

produce a rapid loading puIsr., th~at 1l', a pu2hi-- that isa Larly indep, ndent of~

i;Decim+-n rtmmpns, vas vtery d FraLhi not unly becauz-' such A~ &.vice would perai~t

pi-oducing thc-&-.i1red loudllug withouf the Ltred of~ accurate knowledge of the sped-.

r-Fn'.. response charact.e;ribtilc , but aiiFo b, ecaust- narly idun~.icaL loading pul~ses



could be applied easily to structural components, 0mj-: . 1, - V: ng

varying response chroicteristics. Other rqeu'-:.°i -r! . thu mini .un rise

and decay ti.&s of the I oad1ng pulse -hould not vx6... t :; .dately ter =lI1-

secon", that both the mae-Aitude cad duration of the lobtet- ,h b Indepznd-

ently controllable, and that the mLexlA load-ing wtrcke .,nouid he at least four

inches with an associated drop In load of not uorv tha t) er ceat.

The 2J-± pulae loading device bhown in Figa. 1, 2, and 3 was

* developed to satisfy tbese requtrcuentb. This unit is a p'atnn dutvice in which

the load output is the result of diffcrential pressure. Ccpr,:ss-1 nitrogen or

1iwul x tL- asd4 i the pruvure sOurce. The rapid applicat!.4i smad release of the

* load can be achieved through the use of solenoid trigred. P.,e valvw; W obLa.LU

Vh tiAad preoure .-clease fro the two ch~bers of the 4evlz-.

2.3 Control uf LoadIn2

The use of this device permlts the applicutton of a lo.Aing pulse that

may begin from a static level ranglng from 20 kips tension to 2 )Lps copression,

undergo & rapid change of plui or minus 2C kips dinAmuz (with thf. j triction

that UhA prvpulue load plus the dynomic change in load can not exceed the limits

of plus or mln'a 30 kips), and *iter, return rapidly to zcru load. The &duratiw of

the peak load may beP varied fr- a fe*, 6 wt.Auay inourr. Thbe rtse and

decay times of the loading pulses axe !ontrollable by add,46ting the ilui of the

preosure rtleazc orificer. Thc aLimua tirx for sitt tr rise or decay of the load

is IpproxiLat.cly six mi lisecol4. Uslag the adJu. tab. orifices, it if, possible

to increase the time for rice or decy of the load to approximat ly ha-if a aeccr ,

and, of course, loadlngsi et relatively sl1.v rates :an be achieved by the slow

build-tp of prestiu-es in the ch~mbe.-,- of fh'b unit using 4he manual pressure supply

system. A few posslble loading puls6 ,e shovin in Fig. 4,



2,4 PaSt U~age in Testing

In the investigatinn dAvcribe& In ti'i r port the 20-kip pulse loading

unit wan used for the repd unlaxlal tensio and vu~pression tests, and also for

tLe experiuents involving rectangular beams under thi.rd-poAnt loading. In addi-

tion tj these invest igb n.u.' for which the testi!g arrangents are shown in Figs.

7 and 31, the load nA unit wa used also in a ceries of tests of small del

'rmes un-Ar both elow &ad raid loadings The arrangement for these experiments

is shown in Vig. 5.

Since the successful doveotment of' the 20 kip l ading unit, machines

o1 1le. i~y lLae5U upon its design have been ctastructe4 at the Univerzity

of hI'I.. One of ths" machinos in shown in Yig. 6. We aL.Chl -& 'a a

capacity of plus or minus 60 kips &ad a lnirmum loading time of approxiwat4ly 35

millieec w a under oidinary usage,

2.5 Descr tlo of the Slow Straining Unit

As ws. m.anionad in the introd1ctiou to this section, a hydraulic

actuator which zan be connected in series with the 20-kLp pulse ..oadin.S unit was

provided so that straining tests at slow rates could be performed conveniently

without cLanging the inatrument&tion or the Pszzer tf specimen =onnction. A

sachmatic diagram of this unit And the iwiwciated pressure control aystem in ghown

In Fig. P. The entire testing arrangment is shown in Fig. 7.

2.6 flinarY

A general pu-rpose ladirn unit has been developeid which permits control

of the load pulse as followa:

(a) Tnw magnitude of the tensile or *ompresslvo load pulse caz be

varined from approximcatly 2000 'o 20,000 px)wa, corxeuponding to
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mair, chanber pressures of 100 t: 1000 psi. (100 psi is the lower

limilt of consistent operation.)

I (b) The ti!.t- interva- between the initiation of the '.oad and the 6tart

T of load release can be va-icd from a 0.007 second uinimux to long

hand-timed intervals.

(c) The rise time of the load can be varied from a 0.005 second minimw

I t o to 1.5 seconds uaUji the slide valves and variable orifices, or

-Crou a 5 second aLiniaun to long times using the pressure regulators

Sand/or needle valves to control pressure.

(d) The decay time of the load is independently variable. The range

possible Is the s-e as that of the rise time since the two slide

; vable aaawblies are identical.

For use in conjunction with this apparatus, an attachment for tae

control of slow straining rat~eu has been prtviuvd. Tierefore, iu on-- location,

Ipparatus Is available with which slow tests may be run under either loading or
4

i strainin .,ntrol, and also with which rapid loading pulses can be applied.



3.UNI.ATJ STRESS TESTS

3.1 Introduction

During the past few decade-- ituch uff1ort hEan beca d'ivu Led to dpte.rmlning

the buhaviur and the naturc off the mat. riaile with which man buA14d 'Pht =-m

comnly used the material.. the -tort: extensive have been the- investigationsa. Con-

ue~uently, a grcat deal off informaticn is avalabl.e concerning the most comonly

%Lsed structural mnetnJ., steel. However, the fact that steel is an alloy of iron

and thuefore can have greatly dliffuicnT. pnol-rtit~t has made the determination of

its behavior in a11 It,. varioue forme -A never cading task1 ' ' . As fast

as new inztri~entationr crwabl - or n'orc arcuirate meac~uremcnt or better ticia resolu-

tion h"% been developed inveatigatore havu attumpt.;d to txtcnd thir knowledge of

materis. The developcrt 01 th-. Vir. r -o4tkEC~. strain, gage and tbz lmo

avallability (if -.9ci1.ographe tequipzcr.* u-3scablu in t:e microsecond rAge has led

- LLV LumMRrr-1VCJ. re -*=t wo~rk. of Davlee , fa;. 'lark and Wood, et %1i.p and has

u)reforr resulted In thc. uan ~icn of Lew Luov.-.ndge pertaining to the time

seu-.ive behavior of metals.

WhIle it is probable that no other mat-tria" have been the subject of am

zuay~ irnveftigatinns as structural ;;-l ad a.aainw, little inforxatA.lu im availa.-

ble about the strees-deforaation charkcteilst: of ~ metals in the range of

strain rates correbpofldiug to those .Lat might be cr~atcd in the,- mebern off typical

structurtce by loorg' is~z~fr~,ta.±, !traiz. rat-,s Increasing rromlstatic"

to about 1 ir./in. per :Fr~ urtherm.,rc, a-, ragardz izan allh yg, tedf~

tiou clLaracteris9tica art: greatly affo cr-ad by otr- mc.~y Evmall coacentrations off the

all ying elemo nts and also by tha form of thteir prcence a,, 3olut'ca or precipitate!-).

Numb-zrs refer to entries in the bibliography. Tht bibliography inpludee
rccrazcea for Lackgrouna information in addiion to tho: referenices noted

in tlie text-~
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j In addition to these dlfficultieui, no satisfactory theory based oil chemical composi-

tion has b1een developed with which quantitative predictions of the time sensitive

I b-bnvir of these metals can be made, ait.hough quz-litatively many characteristiCs

can be explnined 6 . 1&, 1T, 2 4, Therefoxe, the time aeptindnt, stress-deformation

characterJitice of a.Wciffic metals usLally must. bt deterimned by experimental means.

The uniaxia.l stress tests escribed in this report were perfored t

obtain specific strs-mtraln-time information for a few of the mure coinonly used

structural materials.

3.2 Description of Uniaxim] Teuting Series

3.2.1 Typts of Specrenc

The materials which were investigatt-d i=uItd the following: rimmucd

btCZl frcz oat inch bar stocl in the as-volled and annetded condition, vea -killed

starl from ont inch plpte stock in the am-rolled cowlition, flly-killed steel,

A Sm A-7 stLel obtalnud f'rom a % section, twu low-alloy sttels, a chrnm -nickel

steel, a steel meeting ASTH speciflcatior, A-24 2, and USS TI ste.l. lu addition

6 0 61-TG alunam was tested. A summary of th- mat-ri-al tested In given lu iravie

1 sad a description of the isyst.. = used for specimen desigation is presented in

Tablc f.

"Th the preliLinaiy strtes, composed of speciaiens h'ing an area cf O.10O

sq in., the riincd steel bar stock (.RB) and the seLi-killld steel plate stock (&P)

,-.e t'.sted as-rolled (A., aan d,-d after . achlalxg (D), wud annealed before

machining (C), It, dition, some or the rpecime". of the preliminary series were

tested polinhed smooth (S) and some with a mall circtferential notch (N).

FollowInS these testE it was depided to test these two steels as-rolled

aince retallurgical investigations revealed that the Mic;-ctructtre, were quite

unifor.. These werv the series called 2 MRBA! 2 AvRA, 2 SSIAL, end 2SSPAT..
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The bar stock specimens were, of course, tligned axially with respect to

the direction ci rolling of tb& bar. The pla te t.tock specisleub were oriented with

their longitudinal axes either paralLel to lha dircection of wall rolling (L) or

with th= .xs ransverse tn the direction of mill raliin (T).

IAe tests of the IS, HL, and W selrs were not iastrumntad as complctely

as the others, in that only rcisting stresk- im s and Ul-4 gage strain-time inforts

tion was recorded.

The d.mnsloni of the varlous upecimen types are given in Figs. 9, 11, 12,

-ad 13. The form of the specim=na varied fru aras o: 0.100 sq in. to 0.20 aq in.

ana in form from the guntly curving profile Illustrated in Fig. 9 to the profile

shown in Fig. 13b which wax developed for use in either tension or compression.

Table 2 also providts a key to the profile vied for the various hsries of tests.

3.2.2 Xer ufature of Sp cimeni'

The apeciSas which wer tested in the &a-rolled conadItion were machined

:'rom band awed blanks using a maximta depth of cut ozL each pass of no &ore than

).02 in., which, uunar the oil coola.t used, x led ta specimea 1tpertuv' to no

more than 150 degrees F. TL.- fL.Z. -:.t 14 a.u,'-. X.., iL. ove'ize for the specd-

men to be polished, wr. about 0.005 it;. iLL U..tL. Following this cut, the specimens

ert polished by hand held emry ciohJ' to thm final d1.=eionS wA tWu Z fnush that

: ried fr= alouit 11 -icxoIaLnc ,j r.m.s. to som 23 microinch s r.s,.a., with an

iverag ftnie_1h of aboaut I .ic roinckes r.&.T. = illcated by a type PAC, serial

11 (ProfiLcmeter/ ranufacturvd by the P'icists ResBearch Company, of An Arbor,

Aichigan.

Tii; m6 machined specimfans were cut to he iieAl dimnalon using a final

.ia u1 about 0.005 in. The urise roughr.eds of these specimens varied fro about

00 to 200 microinches r.m.s. with an averae of about 150 mlcrolnches r.m.f.



As was mentioned in Section ..2.1, a few of the preliminary series

• specimer.z were notched cArc uferentially (iii). These were "V" notches nbout 0.01

in. wide and. 0.01 in. deep.

Following the pretest measureunents of iurface roughness and diameter, the
I
* iSR-4 gages, if used, were ipplied to the Sage sectoz. c'f the specimens. During

this process the spec wens werm heated to about 180 degrees Y for a period of sce

four hours. This may have aged the material scmewhat vith respect to the resilual

"tresses resulting from the niachiiing.

11 procedure listed above, uWch Is that followed In the preparation of

the a&-rolled specimens, wax a1.wsi jn preparing the nnealed b5r'Ore machining"

specime ns beginnLu4g, of course, with the s-.'waled specimen bl.ias.

V.t the came of the "annealed &fter machining" spcemens, the hiat tr't.

sent, perfarmed in an electric furnaue ,v heating a tube containing the maehiaed

1 specimens sealed in am ataoajhere of h'ellm, wan- 
follo-,ed by the reoval, by

I polishing, of the fi.ua 0.002 an. left by the machinlng process.

The IL, 93, and W0Y specimens were prepar3d elsewhere and sent to the

rUnversity for tenting.

3.2.5 .Metallurgical Properties and Chemical Compoettions

In coia.ntng upon the results of the metallurgical investigation per-

forseii by the Metallurgical Department of th.- University of Illinois on most of the

- steels used for the specimens described in this report, the uuthors refer tae reader

p to the summary giveu in Table 3, and the metallographs of Fig. 14.

These studies did show that the stee.s were very uniform in their so-

- called as-rolled condition uad that consequently for th! reason the anneW.ing and

phz-rAUi-iz& sere Yt necessary to obtain coasistent results.



The a1lio~t complclto decarbur'zatjoii of steel. NS, and the broadl~y

4e~carburized bands off :-tcrl NR .1oulxi bv- noted, It ia possible that this decarblw-

zat'on gruat2.y effected the ylelld behavior of tie materiels as compared with that

of the other steels.

I"~ chtmical comp:)itions or the steelas Ls d&etemin~id in a check mnsaiycia

by the R1. W. Hunt Company of Chicago, are given, in Table 4~. inadvertently the

.~~ncontent ot* the steals was not r'eliete-d: ttia is rvigrettabhv wince Lis

wo~ad probably be one off the mort: iuiportpn. di,'ferencea between the rimad and the

seai-kllled steels.

3 cription n~f Tvating rrc'-c-durj~j

3. 1m± nt-zium.n*.vtIon

To rtcurd the data F'rom the preflnLunary seriett of tests, the four channel

cat~hodt ray oes.ora1 eowy, In kHg. "'? wi,. u.d. This e.,up-uzo was virtually

flat in rtsponsu rron sow- five cp2 to thir'. xcn. The ±Qvtur limit Was imposed by

t.p inpt.P'llity of the Dl.C. pr.-apiflt-rs whi4ch caused sigoif±caut trift in th

tracLS over ti1aea as alkort a C.I - r 0.2 POcon4.e. Fox this rau, the equipment

van not satisfactory for the rLcijrding off lalvcing durations of several

ft~ the hstioff the iecfwd . obtained. with the CRO equpmrnt, It was seen

that the fi.Uaaway magna tie oar-il ivgroV.ic t-q1pm' ot avai zbl#- Lu the laboratory

would havet responmc arr11 ad-qua.! ffor tt.- falt.hrul rcocrding of the

resisting strepria and Rsrtdna d Ir *her rfapid !DbI tt,*ti 4Lth the advantstc

of excellent long tiz~e 9tabillty +hit ~mui p*rmlt us~e of tht! Instr=--ntation for

the recording off slow testL, as we..±. 't-tdore, the m6'gnetic oricillographic eqjuip-

mseat, saov mn F.ig. 16, va.u - for ---.e mair. Feri-s of testE. Thir equipn--nt

incluacen a Hathway TyeS-1))C nmagrveiic oeiJograph, in which were used Type 0C2,
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Group 2-! recordlng galvanometers. TI Type KRC-18 Hatuaway carrier str 'L" ampli-

tier ffyh LL& vas modiried using an external carrier oscillator mnd Dower supply

which iAa characterintics ailerior to thase of the original equipmunt. The usable

upper fre~uzrcy liwIt is *%Ko t 45O cp , vhile the luwer iimit, as wntioned abcve,

is D.C. A WD& dl ra. Of the Hathaxay equipmenL is 1h. n in kig. .

* 'le phenomna recorded versus tim, for the preliminary testing aeries

were the following: (I) the outpul of ka SR-4 gage dynamometer recording the

stream daveL-ct on th end of the apecimeu opposite that to which the load was

A. aplied; a"d (2) the output of two W-.4 strain gages attached diametrically oppo-

- site eslh cther on a gage section of r speciaLn. On the 2R, MP N R, W, XL,

and MI aerJley tho output from an exten ceeter connected acroaa the goge length was
r

recorded also. The dynroi eter-secinae-exteu wttr arraagumeat used for moat of

these tests is alown in Fig. 10. in all other testing, serie., measur muats in-

cluded the o. tput of the dynami.eter a before, but strains wrw obtaing d fr a

d, al ra&ge spring type exte tastsr coanected across th specimen. Thin sitaco-

-. I atar had two iudepe dent SR-4 bridges, the outpuLs of which were recorded with

differeut nsezltivities so thiat the entire range of strain& could be resolved

j I aKeustely.

The varicus dvniwueter-ins trin1atatlion systis were cea.ibrat d "s4tca ''

versus the load mas.uring easte in a 1l2,OC-!b BlAwin .i.'versal hydi-aulic testing

-, - ystp., &asuremants frca salv btraiaic r 1- st osBilIogrs were ce upared with the

iuad d 4tsJ readings takex. on the Buldw1rz Mh.- tt corrczpstn&u _ tLmea U!!"-l'-y

the loadi' were within about I-d :.b ut of 10,000 lb with an occasional maximum error

aevcr greater than 3kXI lb. That io, the uuai error waz, about t 1 per cent (sad

usually lower) with a maxlmus error never _burv.-A to be greatar than - 3 per cent.
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In the tests in xhich Ff-4 gngs were attached to the gage section cf

t- %pecimen, bending could be determined. The percentages of bending ru"-wzed as

high as 15 per cent in some few cases but generally were less than ,5 per cent.

The alignment procedare possible with the development of the ue.axial tanJicn-

comnrest-lon fLxctui-ei we-- such tha-- the percant&4--s of ebndin we"a uOualy loes

thzn 5 per cent.

The extnismetiers that mum used at variou time& t.roughout the"e inves-

tigation_ were all of t-h flat iqAri i.ype zhoun in Fige. 10 and 13. =a type of

okteasomter not requiremats for rango, senitivity, dyunxmc characteristics, ad

aisplilcity. 1n these "traa4.snr¢", flexural straixs' i the flat ipriae wore

measured with 21-, gages connectd as four sAv br.'4ges with all as active, so

that a strain. nenpification of four was obt,Aw aloug with toeature compensation.

The eitencautar last used had two coplete bridgea of 8R-4 gages on tha so th.*t

two diferaent sensitifities ould be used to -,aolve the t.tal range of poci f n

"enadon. Therarorc, in the iate. toad.s W-4 gages were not wwd on the

Jast prior to enh test, Qalbhration tUaaas 'ere recorded cia the oscillo-

gram by snunting the respective brigca vt' precisein resistors who"e euivalence

in taz.i :4' the quanti ' %, beig measured had been daterained earlier. Um&Ualy the

ooVpet- krsameter wA- axtonsomeer -i - tic- channels ware calibrated

di._l b~efore and t' r every series of tests amd, in sme cases, in the middle

of a long teetin g serieR.

It is jeiieved that the total errors associated with messurqa nt of

nomin.l load are no more thAn ± per cent, ad that the total erxe --asur"ed with

tie. bA%*-riinat.1 'n ef extenaion between the points of attachment of the extensn-

meters are no more than 1 5 per cent.
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T A major problem associated with interpret.ation of thc results of the

tcsts in uhich exterilou u" measured acrous t rvd uced gage length is the determina-

a tion of the effective gage leagth of the specimeas throughout the entire range of

1 deformatioa. The studyr which was mwad of this problem is reported in Section 3.3.6.

I F"iL thn h of the ttsting, preseated in Tables 5, it can be seen

that slow teat, vl.th two exceptions, were pcrfca.. :d in the BEldwir. universal
J 1I

I "tw~tiz mmcaune, or the pulse-loai&ng machine with or without the slow atrailn1

I ttacheent. Thbe eiquiva.1ent elastic strain ratus used for these teatz word wit.hi

tWo -1~ aflowaUtt undr ZZAA upeciricutivn 3T-tx 6inc a r.thtr complete sufaary

of the conditions wia which these tebts were run is given in Table 5, very lit-

Itie d54 iria . zsaaarin the text.

It in to be noted that slow tests of the PzA specimen which were tested

in the Baldwin manhins produced y'4*!d1ug at lower strousus than those ktch mera

Sj tested in the pulse loading machine. Kowever, no such difference in yield strength

S was obtained fox spiene of the 31A series. The differences between thae series

I of teats were th follows' " !) thA rtatic specimena which were tested in the

Baldwin mach~ine weare "pricked" o the gage wva by the exteuoeveter points (Vhich

night affect yielding bavior). (2) ligbtlf different loading r&tes were used in

In Table 5, the c t.a-t C, C and C are uaed within a test series to
differentizte betveea the couditions unr whic each test was run. For the rapid1tests, C- "u," Y• • %stmC - uy ly.

• , In Thble 5 and in the stress p-arameters used in this report:

S upper yield strmsa
a * = upper yield uUr-i3 ixn a siow etralning test
Cr = lowez yield stress
ly* - lower yield stress in a slow rairal tt

= c- - ultimate strength of a material
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the twu machinj anc (3) the anootlut.,via of application of loading between the two

machine6 maV havt- difrered.

In Figs. 17a and l7b are lhown photographic reproduction3 (about half

size) of the type of oscillogramA whi,%h were produced during the slow tests in the

Baldwin machine ad campar-d with th- pul,;c !oallng muchInc.

3.5.3 lichne Vibration TestE .,

T'o detAruine whether any eignificant. difference exiated in tue amoothnsaa

of the loadings produced by the three, teating machines used (the B&14w~n machine,

U..h pulse loeading machine, and a R.ehle screw type testing machine), a autept was '.

madc to measure tue vlbration- iLd cd In the test s2eciaw.s by operation of these

testing machines. Witi.in the sensitlvity of the recordia6 instr=mentation no vibra-

tiocs were evident in the lo&Ang produced by either the B3dwin machine or the

pulse-loading Lachine. However, vibrations having an amplitude or some !Z or 401

miroinchcs per inch of strain were %pparent in the ,eets performed in the Rjihle

screw type w~.hinc.

3 .4 Re ijduul. MIcrostrair Determimntlo[

Many metajs, but not i -lii4 mild s t eel, do mot. ^xLiblt - perfectly

liuea.r relatoLiohi ) b'w-ec" aplid stzcbo w,: a ulting strain or vice verse,

even fc zLjatlilrly 1,w va ut,. OZ LuLrdw, the dugrew t.. which this holds txuo is
u"uein.h,. de dr Upon the eensiUvity of m--aeurzent possible with the method

,wed for obacrving tr~ss and btruin. While mild steel does have a nearly linear

ant a O)st purf#ctly PI&Ltlc trets-trelf relationship for relatively low levels,

a departure from itnearity and from elaitic action dots becem evident UL atress

lavels abuv something on the ord&r o1' o:-ha&lf of t ,e nominal yicld strength of

the steel.



scm, inve tigatoro. 3 1 3" hav ~e that, ~a criticVt brnvunt of incias-

tir'%Aomitra.r,' may t- n'-' -- ary b-fncr-- a g,:r ~rf yi-,!Virg condit.kInn± in~d

pr.ccdnar theit devillomtnt of th. gtnei-t yleld-lne., coction.) It followsa, then,.

thaL a diffcrcncc In I.Le character of tae microstra±ilu wkai,;Y proictdes genrr1

yi,21d±n vouJ.. b,, reldtcd to the Lture of the dynaw.ic yIL:-dlt4! thavior. liowtver,

aI a rAtter orIwrest, a £etw cyr.-cd 1Lo&41n w~z-u aplll to a fov pcumso

mcAI, tIM, axz4 '15A & ~ir the Baair~ hydraCIc l;:strg mc&hinm, rtbo pul--

4 1caoing mAohizi., ax.d %hc B~ph.'. scrjw ';yp; *.sinj ":hlt 7t~ zrail Irg ryeuo,

S wh±c~ hiad a "pcricna' ofabout, 2 rt;:(l"wlz.; W-iich ALbou Cn' m±.Ut. VA", -, ired

for the atralnlrg and c athUA Ln t l: mmklr4; *.b rezlaaL st-l LU.UJUnL,

^ft 8U-cci#Iv#.y Inc -e&Aii.' magi.tu. uu irA Jng In tbhe jv4 dlng of t2-4,;

1*rt-nc.tg --id foovn uacL rf-',- r-f -IEr.r.&, tt% SIR-- ghge- rAttejched

to thea gag,. F.ctor. cf 1l ip-lmet. w~r. ri.aj .Lgiinf a, Ba cl Typ.

in4.~cator. FTC.. th~ee r-.ftaing .L.i.a.a. tri.r- .. n from. e-a-L lrr

Cyl' We. cd~. -t-c r-.htA..., h~ r;. In 1.4. -' l:,dil-*e .Lat. In

- r.t

5.. iajr1 U; lavila To

I* ~ ~tiz.~.t~e aA L _Z!~ a-- r.- r t-a ~n Ii.~ A

-7 *.L* 'kU* LQ ;. Le~. ~ m f ttat ra~i2 t.- ti ca.i: wer.

-:~Jd h42..,*oa zowbr,- e.d v-.rt -ld cat.Zt, - t~roughcow. Ilje

duration of' thr t-t untl I :ni -. &rly -1,01p~l iv uuady home I-cur or fivt'.

,:o zero. In most o; the. .. ,-F eerie,., i~nea-^1C. 4p.-ilent Were. t'L. at r~her

tlii mominul atlc "rafes or vith rli.f ul adings on thc- ordtr of C .C06
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seconds. The tests were run at stress levels ranging between the static upper

yield stress and the maximnu strength of the specimen materiel so* that a range ro

delay times and of rates of general yielding could be obtained.

In the 2RB and 2SP series of tests, three ise times of loadjngs were

t_4 0 .005 -
econd, 0.10 seeonu, and 0.50 seconds.

For the NR, PS, Q, K, T, and L series, the loads were applied to a few

specimens in tension and to the others in comression. Only in the case of the NR

series were the stresses reversed after the specimen bad been initially yielded

under a stress of the opposite sense.

Az has been mentioned earlier, tUe phenomena recorded versus time for all

series included nominal resist&n* and a measure of strain obtain d with either SR-4

gages alone, sa-4 gAges In coabination with an extenaater, or a dual range

exteusome tsr.

Photographic reproductions, ahut o.2e-half size, of oncllograms Illu .

tratng the loadings mentioned above and also typical results exe shown in Figs. l7c

to 17.-

Be, re each of these tests, as well as 'before esch slow loading rate test,

a =.&U load (corresponding tt a stress of n more than 10,O0O psi) vaa applied as

an aid in aligning the specimen with respect to the loading a"ta. If the SR-4

gages on the icpecimens so injitrumented indicated a bending strain greater t 'n about

5 per cent of the axial strain, the specimen was readjusted until the beading v' s

less then that va-lut. On the specimens not having oR-4 gages the &naIl pret/st

ana rq)plied and released to "settle" the specimen in its seat, a prnedure

.Ca Table 5, tdlw magitudes o; The rapid loads are listed uder either auy or 01y.

..hese expressions for at-es are equivalent in rapid tests.

I.
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wh! Ot h-id produce d cati~actory~ al igmrunf. of mfobt spc'tm-_,r, inotrmnmtcd with SfR-i

t. ff.~ctAve Gag-, Irngtl,

As w"s mkntioned eari4r, a probian associated with use of the infoina-

tion obtained froa i U uniaxi.J ftreLs irnvuetigaticn la that of re..ating extminioam

detlermined from~ an eLenzioater attached acrose t-hp- se.ldcrs of' the reduced gag

length of a ep~z!iuen to the; actual ertfectiv eirmin in the. -cloi-Lcn. For sm~all

ltrseins of ia ladrtic appcimen the effective guigt. !.,mgtb can be Cm.Puted emr is

a conmtav.t Lim±.a the actual gag , tru-nth of tt t~U-pr ,.etvr. &uivcvcr, when yik-lIA-

ing o'ra- in the mpeclm-ri, *h' _fft'~t~v,. gEs - ri:1h will cham~c. with '.he magnitu~e

of tha:. jiL.uing. Tula ban~ bMen irndirated by a s' ri-!E of -xpf.rim'.-its dp An-d tu

provide infortabtioa coacernirLg this matter. In Figss. 19 are 9biwu thL rtsults of

T~i; inveetigation. Fig.. l9a and l9b indicat.4. thiat prior to th. be-ginaiug of

yiel ing, the. effective gag ler4tt. at' a chouldtred sp, rin I nr of' M41 ~tel was

aproxtimut.ly equal to *.ht rcm,t.d -fa~ic l2uft. A- *he 2pFecizw-n yiP-ded, the

eff'tective dg.; t ngt.. drop~e rapla-Ly I- i's iowtot valuk. uNieh CoL iX 4a.u

genera. yielalug. -A: it - rl ,'ru~in hardertd, 'vnlue or ts .ff'ecti'rn gage

luugth incrL&VA~. Fc'r eptdP-iz. ,Lb.a1t ', i "*,trc._ that c..±ibic--d to upp(.r-1.owcr

yi--hI pelrnt phswumaena, tht. vLer~atiax, in ;ff~ct-llvn gag-- rgth va icbs extr%=u and

L.U 1L.LrCeae Of. *ffEt1vt_ gage Wtg l w'.,trI h oenLtng vai indicated. This asi

iiliuUr&Leea ia Fig_ 19C and 19d,

It the B ad SF .Ier~leb £'p,_21xn the t:F:!c-Av,. gbg-. ILegth iift-r yield-

ng had occurred 'va.L &%eimo. to be contcknt. Th,. vaiiie uvcd wa. obtained by direct

-alirtiox, during slow btraining r&'," tests :)f the 'atatic spe~inienE. For the

PZ. Q, K, T, and L mbt;rial, the effcti gag,. i;rgf~A ,11cd was thst dctermined

from p3Lot teots of th ! caine nteri&l. All Azraix-, a_ reportcd in this report axe

corrected for the effect of yielding upon the effective gge length.
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3.4 Results of Urnxtal Tests

3,4.1 Generl Time SensiLive Behaviors of the Materials Teatcd

:'t ir :..parsAively wll known that tetals having a budy centered cubic

lattice str-ctucc usually yield In a discontiuows manner urAer slow :ates of

r-training, It haa b.ea sh.o-u that the sae datrials when subjected to rapid load-,

ing or straining yield iu a xasmer Indicating relatively large time sensitivity.

Stel in the caonly used forn In one of threse mterial, mnd therefort its

yildirg bch&vior d.iffern considerably fn-m that of a material such as al micia

It is& characteristic of mild and low-alloy steels that, under a sLow

relatively constant rate of -- a u.iaLal etrainai4 at roo tmiperatiare, their

resistancip es tbhough four rather arbitrary stages: (1) the elastic ringe termin-

stig in (2; microstridzi foleved by the developacnt of the enditiou f )

gener al yielding (in hLich the level of r aisL=-cm is a function mxainy of the rate

of ctra)aing) which in Lura is followed by the advent 0 g (4) strain hardening and

sabLequent fracture. The four stages of the nominl io.a-taace-dsfomation

characteristics of thee netals are quite evideAL in tbe slow straining rate tents,

but, of course, re no less present in tests run untar othAr cro:.dltas, sucA as

slow conat rate of increae in noiza1 stress. Of the four stage mentione.d,

the aiddle two, microstrdmsng and genral yieli4, are quite tiw s~asltivl the

elaxtic range is alm s insensitive to taa; and the rage beyond the commneiaet

of strain hard in, is only slight'y tike sensitive.

The timf, sensitivity associated with what in this report is called the

micrcstrainltg pbe.iana h"n been turmed Ghe "dol*yed yield" effe. 1.' d ' pzr.

baps best rcvealed under tests involving rapid stressing to a const~at stress level

such as were performed in this Investigation using the 20-kip pulse losding machine.



* In the materials Ftudlee prt-r~rntd it, this rt-porf. the tiajo dplay in yield'rit P

d.*rined Farbitrarily as tbe 12Lvlbvtwv ,n tht tla, aL which the~ b.~ress .!i

reach,.d a vaiut corresponding to th-, lowt-bi upp-r yiel.d stress obtained tn a sl.ow

*test, and the tim-v at which yieldlng hadl tecow ' g-=raLL enough thnt. the appeurent

modulus (nowinal streoa/naminsai titrain) had dIropre-1 to a:Lut 2/3 E. Delay timo, ao

defined bas endineeriag siguiric.., in that. it is reiatea at one ead to a stress

level high enough to result in ylelling under slow loading or dqforming conclition.s,

and at the other enwt to a pernmetcr Lovolving both sv'-eos Aad strain which hs an

arbitrary value ind.Icative rmf anG.;.wit or yielding aufficicht. to mark the begin-

ring of gftzcral. yi.Illg.

The rate of gtar2 yilug affect tu~uajLy tarmed soaKcwhat ambiguouuly

the strain rate eff1tct) Is moat evid~.n' pcrhap8 In testsz pcci'.rmed tit various con-

Ot.~ut ro%- of nomlraJ ,train, but It w;11 alao be %pa-t of cou.rse, in tests in

wich nomni.l stressi ratht~r tL~ui raminal tetrain i& the- f~ator moat nearly Inds-

pendtnt of rpecitien behavior. :3e.L i- tjhc case in± the lurapid loading to conatani.

stress level" tewts. ArMar &c~x. yieldz-g b&6 t,.gur, (following the delay in

yviudiny Ir p......,) +.tb ,;ftr s t a rate which is dependent 19on the

* stress .l.Lvel being main .alned by thie pi...rsatic loading uuit. Sluc'e tlau tntverul

tests are rua at different coubtart. *.re&.* lvel, both del±ayed ~I-d and rate of

oner-3. yielding iriomation can bF obtair-ed free a 61Lgle test series.

for xmjst mila Ll!: tht tra;.ii*or D.;twtr~ the geaernul yielding condli-

* tion (flat yield regIOL i._ The: coL.ta~u'. rate of Ltraining ttest) and the region of

* strain hwaroing iL, scmwhut aLort. gradiuA. thax-- that between the othter 84 ageE. (('f

course, t4h D "grsdualnebva'!! 1. argely ctv,pn&nt upcu the tiwmo resolution possible

wjith the recording techniques u d.) 717e t'-_ run at the UUI'.trblLy of ilinois



,-i! ml2d and iou- illoy steels indicate that for a particular steel the t.ransition

begins at about the t-,c total aLzrbln regardless of the ratpa involved.

In a rc-pid teat to a constant utreas level the attaining faAJ.2.y ceases

- a total strain which uaually agrees vell with that correupouding to the strain

,btt&11 at the ame nominal streas under -low loading or defing co ltons.

For metals such as high'alloy steel, atructur sa Plut4inum, etc., yelding

•nder slow rates of tra.aing is not a discwntin=ous procezt.. =1 t bejiavior

4rder rapid lotling is not as time seu"itve &a is the case for mild steel. Thia

:A indicated in te results for tze NZY, USS T-l, san toI-16 matcrials.

3.4.2 Results of Tension and Compression Teuts

In Fig. 20 is presetAt In t.hree dixonsions thu relation between stress,

itrain, and time as obta.inei from unlaxial tests of mild steel tavolving slow ad

-'pi loiing to constant stress levels. In this relationAhip the so-calle d

;el~a~ed yield Lud rate (f general yielding behavior are quite evident. Strv.s-

.raln sad strain-time relAtionships r',presentatlve of tha raterils tested are

aown in Fig. 21. M..zC cotain the *&me Information a iC- zh-tn r oat .aterial

Fig. 20. The informstirn whi.±- is presented iu these figures .s abstacted in

.e foim of delayed yielding and rait. of gewrc. yielling information W.-are these

-.enena were present, e.-d in ths form of various times required for yielding to

-ogress to sp*-..fad values of the nomlnal. secant sodius (nminsl strss/. minal

rain) ".Thae delayed yielding and rate of genkral y1elaing beihavlors were not

onoUned. In Tabies _ are presented thence values for all of the test w1hich were

-rforned.

The delayed yielding and rate of general y1iAn_ behsirlor Is preented

1pectively in Figs. 22, 23, 24. 25, and 26. In the first of the figures of each

the value6 ti-c preeoted versus the nominal stress, ad in the spconlA Pnd



thiril, vr~sus a st.ruvs paraeter involving, In the caiie of de~layed yield-tng the

static upper yi.-ld streee, and, in tlhW Ctee Of rate ot* gencral yield-ing, the lower

yl-ol ntreas obtained under a rute or at-ruiriag rrneqpoadiag t.- acproxijately

10- 5 n./in./Eec. Theact basic valut-L were ottained u;-.-r alow straining of the

L pcclm&en materiulC in c(=forxmncL- with Abfld 5ip&cifcatiou A370-:UT, Paid therefore

j can surv( as a bmsis roc extroapoution of Ihese rvau.Lts to other materisas which

axes sbkil U- but which have va~luf!s of upptr aind lower yield ztrerr. difreren. rrom

th1cs% ubtiCLed inx thi1.; Investig&!Ilon.

{ There wa.; little twitic-able dir1.lrmaice ia th. behavior of the z&%twrialu

- whichi were tested under iiot.U lII&ia tvn,,ou anid initial e=W-.casiori, that lu,

Ak2I4 A-242 steel, USSk T-l eteml. a fully-kiled mild iteel, and bU(1-Tb SaUaiVnM.
* ir tthe rtalcr wibbt. to ak. fuxtiwr fsmri:aw5, Lou may obtadin from Table I the

Inroraatiou co.-icco-ning the tyVpe of tauwt ad. 1rs both Table 5 anid -irAu. 22 through

20 the rtve.tt which wurvt obta..oeu.

'5 ResztltL of F1 naiyRtv.Sed~tr'. 7 rte

-As can bt. seeLn from Table 5v4 a fav teipts wert; pu.-fcr--'d Yith a zeverosai

or 1oaduins subscla;ut;t t-', inlttOL2 'Pin The materi. frv.a which themae speclzzena

* ... r* MA&de W& the M-Mi-killed ;'101- C!Cnk U.L fox~ the .2iaiiA cf..riej, "n the BF

series r.Lehurt: teats dvvvrItd itA s!.-tioz, 4 ol this report. i ~e A'- usionu of the

S preliuiay tatrcoz r -vrren1 mpe'A2z lk, syw--imen prolile, and thei marwer of

at-tacmezit. to tho t-oating upparaitua are vL~oixf it; Fig. 12. There were~ sverea 4is-

#Advarntagea in th! use of thie tyv' of s-3PeCLXzfu n-el2y, tilt attachmuent of t~e

extenjomelk-r to d--pr..,I4ons puacr., d into the iaurtar'e of the~ speciaten, the non-

unrridimeter o~r thte arfim-ta, arid the rf-lative difficulty of attaining axiality

Of tt*- lOad. dOWLvf-r, +h~e reeujts are ratverth--l'L; int.-redtirg. a,3 can be seen

from Figs~. 2L3 through 30.



In Fig. 27 the relatILn betweun the upper yield stress parameter and the

secant modu;.Us (nominal stress/newsnal 9trair) for the slow loading testa is shuwn.

Mese curvts indicute that yielding was rather gradual in these specimens and began

at a strus which was conaiderably lot"r than that which waj arbitrarily nc-id as

the lzpncr yield ctress uf the material. In Fig. 26 in shown the effect of reversal

uf 1osing following slow yielding. This 2.s the su-.c' led Baaschingr effect; the

fcct that after haing 'been yielded Jn one direction, subsequent reverdal without

aging -.ill produce aJmo~t lmediate inelastic lhavior at rdlativcly l-nv atr-in

VI th zo . v.nce of ao upper-lower yield behavior.

.he results which w,-re ubtained in tae four rapid stress reverali tests

arLe shoan in Fig. 29 in the form of straln-time relationshipa. In these testa a

reversal of !wading was applied within a minute or so of releaa of loading follow-

ing y leding in the direction in which the loailg was nltia.Ly rpplied rapidly.

Therefore, these were not rapid in the sense that the entire stress-time relation-

ship aclud i g rcr.,rbkl d" imaped within a vtry thort period of time. lowever,

the ehbandt of stresk fro the initial zeru level to the constant strese, levels

indacated in the figwr was rapid. A4&ia a behavior which could be called the

Bouschager fftct in rapid , 4 u ,vident in that m delay In yielding vas

spparent upon rcvcrsai of loading iu a direction opposite to that uaed in initial

yicldini.

Bccauts. crf the non-ualfom diameter of the specim&n profile used in thc€

preliminary reversta loading t- ste and the zo !q:ient di fticulty in relating exten-

seactr deformatio L unit itrain, n attpmpt wa& madc to interpret the results of

tiw rapid _ :v.3:,d Ina__- eperimn-ts in the fr of rate of guneral yielding

informat-uii.
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In auoibhsr aeries of stress revcrsul .ests, an initial slow loadlng to a

level below that whirh vw crI caucr gtnt-ral yielding wai fullowed by a rapId reversal

I .0 of loaL&tng to a level sufficient to cause yielding. As can be seen from Figs. 30,

a delay in yiulding was obtained in all of these tests, and this delay Rgreed well

witu the delay times obtained In the loadings of virgiu mateirial in the previously

mdntionn rapid tests.

3.5 SL---ry nP R:eoulto for Uniasail St,-ves Tests

3.;. Sumary of Petuto

The results of LW, slow and rapid unioxi.l strems taests which icr4- per-

formed on many materia,. In initial tnion and initial cuzare~zion, and on one

material in comple e Cresa revtrsal, have been prLsent.d in the form of tabulated

r-eui=t tn Tb.e 5 and in tUeZ various f gures meantoned previously. In general-

termui the re.alts can bb summarlzed as follows.

(1) T.t- metals tesd wLich Pxhiblted a pronounced upper-lower yiold

point hdh~vior under conditlora- of slow straining, and hA stress-strain relation-

•hips with dicontinuitIcs in slopt, also exhiblted the tine sensitive behaviors

texuad aclayed yi iJ4ng mad rat of general y -,lding (defined earlier in this

report).

(2) In the ouly te s In which the rise timea or rapid loadjngs were

vrriGd (froi 0.006 su Lu 0.5 sec), the compariivons of delae, timae PE. defined by a

stress pr aet-r Involving the upper yield pooh, Indicatea no particular senai-

tivity to the rise time of loading within the limits imlicted above. 'is result

can probably be attributed to the &anner in which the elapsed time to gener-ai yield-

in& was aAi" trarily defined (the interval between the time at which the stress

firet res-hed the zi'airl atitic upp-r yield ste, lc cl a4 thnc at which general



yielding occurred as indicated by n value of stress/strain equal to 20 x 106

psi).

(3) Within the range of rapidity of Ir,"4-ga --'lied, that is, rise

times g:.-catcr than O.OG . e-onds, th- vAn, .. of Tougs modulus was constant. The

so-called strain Lardening regio, -'so was relatively lui
v

u uitive to time effecti,

The eajor tlme sensitivity was associated with inItial yieldix) and subsequnt

general yielding, the so-called delayed ylelding and rate of gen*ral yielding

behavior& mentioned previously. For the high strength allo.s of stacl, and for

606i-T6 alualnum for which static stress-strain rclttionshaps having no discontln-

uity of slupe were obtaned, rno delmyed yieldin or ratc of general yielding

behavior was evident.

(n) The results c, the very few prelWnazry t xperinents in slow and

rapid revtrsal of loading inj2tcate that the so-called Dauchlaner effect which la

commonly observed in slow rerersal of atsivab iu also present in cases involving

rapid stress reversa with a consnqucnt absence of delaed yield behavior eonly

found in virgin material. Because o" the type of specimen used in these prelix-

aary studliei, no concltwions could be reac!.d regardin the rete of general

yielding behavior.

3.5.2 Grrxnral Signiifcwxce o? Rraault.

A- car te .ein from the results diUcribea above, the increased reslstaue

which repults from th_ tire senzJtive btohav.ore, of mild steel arbitrarily termed

the delfyye yi.-dlng and rate o' general yielding phenomer% can approach values

50 per cknt greater than tht nr,-ial y-ield values evu fur t4 roLatively slov

ratea of straining which nay bs! created in framL type civil engineering structure-.

,n which the Patu.tl deformation of the major structural eleme;ats results from trens-

fer of air blast or earthquake sbock loedlng thr.ugh the supports or outer shell.

-I
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In the caze of many ship structures in which blast loading is applited directly,

such as hull plating subJeced to underwater explosion, the actual rates e strain-

lng can im many times greater than 1 in./in./sec. In these cases it is to be

expect.d that resistances at least M qro-t ns th% nomkrnl ' ft'a t., WftAtm'i t., 3 h

I may be obtained without yielding or may b- supported by the rate of deformation.

I Therefore, estimatea ur the vaponse of these structural c 1.anta based upoun nomia.

reaslmta :tii derived fr. static yiell values vita no iui-&emze iur L4V LIJW senaltlve

orfer.ta vill be very greatly in error. (The error, howevvr, will be on the safe side

t:.. e ritle 'ractte or fatigue is a conzidleati on.)

£

1:

I,

1
1

I
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4. bIZ AND RAPID FLEXURE TESTS

Str-uctural coupouents undiergoing flexure such aw beams, platesu. and

colmnns, amt major Ple&coii. of &lmost any structur-e. rTrrtor., it is 2 .odical,

a. n interavJdiate step between tht: wdaxicl stress investigation and appilcat-on

of these reauIT-o 6 i,u*he behnvior =f largr full-zizc a~ructurt~a t~tat flexu~rea

StrvUs stuJaled to a of t.he ssaw mptt io.-. which we". t uet dk r unax.ial

stress coadItions. Suwh %jsn investigation is dedcribed in this section of t~.e1

report.

ln all, three sets of' specimena vwre tested. Thse inclw~ua. a prelimi-1

nary ser~.es, BF, made froL the seal-il.led plate stock deaignated SPA a~nd n.3 a

dories, BK, ma~de from fully-killed senel K, aad a loe coinpl.et~uy Instrumented

"a ise, BL1, made f'rom 606.-76 asi±num L.

Fa C. ti.e series a d8 composed of row' speclelexii, on~e of which man

suLtJected to a olcw luadirig, while the other th~ree were tested U=4dr rapid loading

to a cons tant levi...

Siuce the zaterala. fro&~ which the flexur, ipeclzei& were composed was

alu -.-ated uwite- conditiu..e of undaxia2l £trufix, a Correlation of the two stresB

The~ V-- ,)f this F~cr~iori of the r'port is to desca-lb these flexurej

tezts, U11e cordltion3 under which tht-y wert, run, the results and their engineering

a ign, l c ric :

4.2 Descripll' ' the" Fltxurer Tefiu Sorles

4.2.1 D !:Tription or FJiexure- !ESb2ins

Th- flexure Lipeciw-n"' in all c-cwr -rni brorna of rectan~pu~ex

section, appro~imaitey 2h in. long. The depth of7 the section was very clo3e to



29

2 in., while the thicknesc or vidth varied fru approxiuately 2/3 in. to epproxi-

mately 7/8 in. The opecimerv were band-sawed from the p.rent plate, then machined

I in a shaper to very near the final dimenbions. Following this, the outer surfaces

j o the speci o u re draw-filed &ad hand polished to thz final dimensions. All of

the material. wwre teted in thm wl-rollcd condition, and the only treatment of any

sort that they recrlvPA other then nomaJ h. ndlini was that during the application

I of SH-4 gager. they may have been subjectLd to prolonged heat of no more than 180

degrees 1.

4,2.: Material Propertics Under Uniexlal Stress

SAs was mentioned in the introduztlon of this section, uniaxiel stress

tets were made of the materiamle frs which the flexure specIM-.ns were composed.

The utress-straiu relationships, typical of those which were obtsioud for these

I materials are shown in Figs. 36a, Q, and 542g. In add.ition to these results, the

delayed yil.id bhtvior and the rate ot Sertarda yielding behavior of the two mild

steels are ,bown in Figs. 36b, 36c, 36e, and 36f.

S ,. 3 .).ecrip'.ion of the Testing Frocedureb

1 " 4.3.1 Flexure Testing Arrangement

Both the slow and rapid l2ading tpo'ts were perfourmed in the Pppratus

I shown in Fig. 32. This Is an attacbmcnt designed spicificallj" to adapt the 20-kip

I pulue loadILS unit for theae flexure test.i. The loads are applied to the urdersidt

of thL beam at the third-pointr thereby deforming the beam upward as is shown in

I thr figure. The only feature of the testing L 'rangement that may not be clear from

the partographf. is the end reaction system. The najor bearings in the arrangement

are roller bearing assemblies which are attached to the m chine frame by means of

pine fixtd on a 20-in. span. The reaction of the beam ends is tronsmitted to the

outer race of :he roller-beariag ancembly through platee which are clamped tc the



top and bottom of the twams by the bolts which are apparent in the figure. This

vni-reaction arrangecment permits both translation and rotation at each end of the

bean with the span length rumaining fixed at 20 in. In other words, a change in

ltegth of the centur line of the beam occurs during a test as the beam ends rotate

mud tha b..-n de:fois upward.

,'ho loas wh±ch -were applied to the specz z-n were measured by Learr of

Lhe two dy'namometcrs visible in Fig. 32. T " crecsbar whih L:n be seen in tha

photograpLu w, providud to prcvea.. flLx-ur in the dynanowters.

. .5.2 Flexure Tevt Iwatrumentation

In these experia eut- eabaursanee were sole of the loads applied mt the

tnird-polht of the beam, the accelerati;& or those Loading point.s (except in the

case of thX aluminum speclinten), tht deflectiOns at the third-points and at the

center oi" th p're flexure region, 4.d the strains on the o'aer fibera of the beam

in tne rwglon of pur-s flexurt. The relativt locations of the loadinig points and

t!,e rcglons of ctrain zruazurfmLnt are abowo in Fig. 34. I

AlI phenome.a were recoiNI-d cn Hathway maznvtic oacillographs of the

type mtntionLd In Sec .n .5.. Th,! W,-4 gogen uaed to measure the outer fiber
I

alrains on the speclmn.n,,ad as the transducir i element3 in the dyumoeterswere

connected into four-a-m bridg :ircuits ab shown in Fig. 34. The accmlerations

were meacured by mean2 or an AKS-20A Hathaway ascelerurn#*p It eai :raatened to

Ihe side of the lotding beaim a; I e-'ld;Int in Hg. 2. The deflections were

measured by means of the lid, wire ZageL- shown in the over-all view of the tenting

arrangement. Toe circuitry of the deflection measuring system Is shown in Fig. 35.

Since two tindtpendent oscillographs were used for each teot an later-

locking timir .y6tem wae r.eesary to purmlt correlation of the records. A timing.
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signal or 500 cps w"s recorded by one galvsnoeter in each oscillograph and the

interlock w" p-ovided by a switc-h driven mechanically.

4.).3 Description of Flexure Tests

As was mentione in the introductory rem-,rku, there were three series

or flexure tests. The first of these was mure or les preliminary in nature and,

because of evident diacrepowarres, the results are somewhat qucationablc. This

preliminary series, which lan been das igaated hF, was composLd of four teats. The

first of thase was run at a slow loaizLg rate in the 20-kip pulse loading machine.

In the other three, tUe luadi g wevr applied in *proximately 8 ='1liseconds after

whit.h a coracant level wa a iAntalaed until yielling hod virtually ceased. Than

the loadt-ic --- el-iczd.

The second reriez daizi.nzttd BK, was tested using slightly differant

Instrumentation. In % atZast to 4etermine whether or not the distributiom nf

strain threugkhut the dopth of the Wam section was linear, sR-4 gages wer

aLtacaed to the sides of the speciwn at four depths throwLh each haf-depth of

the beau. The gages may be clea:ly saeu in Fig. 35, la addition, tke ourv;turz

in the region of pure flexure were datrzxined for large daformatioas by mcans of

spring steel curvature gages uin 4 -;, g .e;- an the trnsiucing elements. These

were attached to the nniza.L center IIne of the baus on each side as ie abowu in

Fig. 5. A different sensitivity was used in each ox the two recording channele

attached to the spring-atael curvature gages, bo that tnt entire range of curvature

"is* adequately defined. Delecton- were measured only at the loading points in

this partleulir ger1e nf teast. A.Uln, = in Ith preli .ary teeting series, BF,

the first test was performed at a slow rate. Howevcr, in this BK series the stra&n

was controlled by means of a hydreulic Jack attached to the lower end of the 20-klp

pulse loading unit piston rod. This &train control resulted iv a reasonably
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constant rate of deformaLion tlaroughrcut the duration of the test. Th other trcee

6ptecimens of the BK series were teeted with - load rapidly applied to a constant

level. Three ulffrent levelb ..fI loads vere used so that a range of poscible

d&layed yield behavior and rate of general yieldi.g behavior could be determin d.

Becaune of faulty flx ayv-e dwe--i44 the - e. Mf 4, the re€orda for this apeci-

men were lost.

The last series of fl.ure apecimens was composed of 6061-T6 alumtnum.

The !ntrumentatio ot this particular testing seeriea included eaurment of the

- oala at the tia-a-points, the 'tfloctions at the loading pointo, the *train of

the top aud buttan fibera in thA region of pure flaxure, end the curvature In thia

sam reion. As with tue other teating series, one test was perfored &lowly and

the other three rapldlv.

4.4 ResulUta of Flexure Teata

4.4.1 Exparieanta.I reaults of Flexure Teats

The data r6 rd:ed in the three serims of flixure tests are presented -,

746a. 37, Nd, and 39. The values of K4 and %for Uhe fle,,ra1 speziaw are

alven in Fics. 3oa, 36d, and 36g. Rate of curvaiiure-time relationshipa for the

rapid teets are also Ln"lued since tnis information was obtained for us. ia

aaoputiu; the remisting mouets for the aecti .

It w"m planned to detezcln& tha resiatncc of a gIvea bam by abtratn4

th* 1u,.ri& foj-cc am obtained from acctleration meea&uraento at the loading point

(and an assuwL. effective mas of tht befm specimn tsy-ttm) from the applied load.

Hovever, the acceleration traces we., not distinguAshable in the region of initial

lo'..iig. -'herefuir., th v- es1.... c .: asaumed to te the saeie as the applied

Iod. The a n~iua- error resuiting from this apr-ximation is eatimAted to 1 ies

than 2 plr cent. Of courre, for large defiections or the beam, a correction vLN2
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applied in determining reslsting moment from the loads n.asured Rt the third-point,

of the beam,

The prevlously ,Leationed correction of resisting mozent diue to large

dvflections wia mule with the use of the loading point dcflection gage information.

. uwent arm between the reaction and the lo".Ing point was increAed by the

factor secant (txi .16.67); thL reaction waa taken s the dyntomoiter readIng,

a vertical force, iacreawed by the sa-e f&ctor "iuce he crossbar between the

(Ayulammetera produced[ a hori~outal ccronent of 1z.-cc acting at the loading )YInte;

w4d the momnt a-m was d [creased by the factor tangent 416.614ince the loads were

applied half the beam depth, or more, from tr longitudi-na ceterlina of the

specimen. Actually, a more correct value for thia latte- factor was 1.3 tLmes

nt v .67to accolt for the thiwuloas Ui the loadlng blocks a"d the roller

diameter. This larger ccrcwctiuo wuuld Liave decreased the indicated measured

vaiues or revitirig mment r&ti )--"y-nd u/Cz" 0 30 an additional & to 6 per cent

with resptct tW xL Ia nw shown in Figs. 4Oa, 41a, and 42&.

Of primary 1nttrest to those concerved with the vaginecring behavior of

materials subjected to flexure are the results yresented in Figs. 40, 4l, ana 42.

These art the relations between r~stctind aank v. d Vant4ur- Qttuind Ibr the

specimeus tested. At auy curvature the reaistace obtaiwd for the steel specalmne

tested rapidly was considerably larekr than that obtalred fur tlae companion speci-

men tested slowly. This laid a*ete that there au a time aeasitivity associated

* with the behavior of mild steel In flexure.

In an e&lier part of thie repx)rt, St-ction 4.3.3, it was meutioned that

th- rtna,.lts of the RF Series ver aoiewhat q, ationable since discrepancies were

evient in the m itulea o,' the meurAA reseting =cnt.r. 4v.easu;-ed V&lues

were too high In the three regions which can be used for c',ecking the data in both



slow and rapid tes,s; i.e., the elastic rv;.-on (cu/ e < 1) where M/Me - a/cie, the

generlI yield region (1 5 a/aee- S0) whvre M/M.t aproanes 1.5, ana Utl uli___te

region (ax W 8ci for Series BY and BK) whero H/M - 1.5 - 2.9 in these
e 0 m ly

cases. Re-examination of the original data Indicated that the load value p a igned

to the talibration himt .e... !t-Or .z w-J, botL or the dynamometer channels did

not correspond to the load equivalencea of the dns.=iete.-s a. dynaomter itriins

equal to the appareat strain output of the ahunt MI& Lor, .iu eh c iLdicatd

that the loac equivaleace of the shuan; resistor ws 88 to 91 per cot of' the ,awat

value uscl originally In reducinj the 4ata. Thu original data were therefore

reduced by a f,6tr of 0.91. The edjupf, data, sLow n Figs. 37& and 3Te, were

used Or L. subsequent C&u., pertainna tP this teat series. Sinice this

chanad e, e' t be su b+taiated, except lry nting the reaaonable agrwent in Cie

#.Pree regloas of curvature as detailed above, the BF I5esies re ults must be canai.

lered queastio au.

The moasurr resistaucee of the rapidly lo#Aed K apeces, Fig. 41404

Inalcate "at for ths piarticular rise ttmo& of load 1,4 to 10 aillinecondm) poo/sible

,il the z~x1&ine-spe;liaen 3ystam useod, an ~r~~limit of resist&nce was obt&Ai.id,

at least until the work hardening range of curvatures was entered. Spec!, IIK-,

waa subjected to a potential l10 come 30 per cent areater than waa M-2. yet oAy

%L a curvature ratio nf about 40 .ould spezimen BK-3 poivide sufficient resiat&aaw

.0o OppQsc tuc ?P. r g forc.

kild s8-tul btear. wre des z ,.t)y time sensitvci but, the rcsult of the

r-apid flexure tef. ;f the liL serie6 InIcs.Pd that there van little, it' any, time

en~itive behavior of the aluminim Loe-r,4aubjected to flexure. Tho ress=ting

,omur'. -curvaturt 1lationshir, for qpecimen KIB-4 Is th, only -ind.iction 01 anl

increase in resistan'e with the rapidity of deformation of an alamnm beam.

I



I Howe~ver, thi& result ia qu-f ionablu ..itct the mtaured resisatuace did not agree

ae Vull wi4tL tbe..ry aEs could b, t.XpvCLvd in the elawtic r.egionj an indication of

-'--.blr inaccuraoiva in mssau- .ment. 3inc, &lumlnum coupons stressud uaiaxilly

d 'd not ex.hibit tk tizu. dependent bdLor, Inc lack of -4.&ch bv"Vaior iii aluminum

fl.exural speczimns~n aa. texpct-d.

4.4.2 Corrll' Stiud,

1Aix uttemp. wA .ead .14 to rrcla. '.'It- buhavior of these sMll1 Mil st~el

bcams under flexure with the knownr unkaxiaL strop&n properties of thei naterials from

~ J wh~h A. oemw were mad.. In the cc-rclatiou ambo~ciatud4'with the preliidnary series

&F It was os~2uaaary to ass~ae ttat the dAetributioLL of stridn was linear thwouhou~.6

the .Lepth ol the Wena sect ±on ard that 'Le &a-.erIri1 beliaved the sae in both tat-

-. . eju and compresslun. For tie next Sttics, RIK, It had been daterisined that thoe

I aeasuptioni. vem, valid. TLrr-forc, proctredlng froti the mneasured strains of the

bra"a, thir rtsiataicea In the z-glvi :1' pvir. rlcxre. were computed usi~ng the

.4 m.awr valuLm o;' the Instituac oum strains and ti-f known delayed yIeldInj and

j.ratm of gvrntrs;& y1vii-ing btlaviori. of th naterimls from which the beans were mads.

tr'he proct're used for &rs~2y7,r.4 *.tv rapI~y load~d slp-eixx~s is described in the

.1' Appen4llx.) In the ca,#- oi tL.: s-lowly dr-furukd sprclen, BF-1, BK-I.. %;,d BL-l, h

"Liarial otr,-ss-#tr&ain curv' s as d&("rmur!.1 from slow btraining coupon test* were

used U4t'.Lr with Ithe Meava-d o.~. f .hr bcamn;.

I ~~Thr- irbu1!s of the Eor ~ xma1,ost.5 urX'. shoii in Figs. 40, 41, aua. 42?.

MeTh mLasurLd r' ~istfnLc or By-L - -. rn.Jy'!xc-(:dvd 1.1- computed ristace, but,

Vie~ oppcnit- v&-. true for bp i'iBK-i. n--! fuilurt of' neanured reedstancd to Le

"s great us compute! i~" nt! bcfn notcd by other invesitigators of the

IIinlastic behavior :,' mtmbL,. The (ilcreptnioy hFA! been blamed in part on the

Seyert, streL~ conetntrttin associated with thL wup1ication. of concentrated loads



t.' the spvcim, ns. The L-azured re±aistLucc curves for specimens B(-l and RL-1

exbibit a rising characteristic at la~rge curvatures which probably rciiulted from

an inadequate coirection for large deflectiour.

Figurea 40O and 41j show tbe correlation, correct to within 0 ,o 15

Der cetnt; for the r~pldly louwd specimern %-bn -. elr resistance Is Cwy.juLa! U~

the derA~y timnA- etra".u rat.. Frrcedure. It -Sy be noted thkt the use of strain

rate information a.Ions was inmufficieut to prediA~'t the maima reaiataucv of tUs

*p. cixwen before major yitld±"' ban, but that this deficiency wa satisfied by

the. Incusi~ri of dLIP'F tase co:_aidexatoas. Since ao LiaxiSJ. time depenident

pz-up+,rt~ca or these xat~erials 4dO.eomd Into tb~c range of strain harAani kg were

det~urmined, ',he correlation wa~s coatinuid with respect to curvature usila only the

avlul ra~-e of generali yiuldird data u4,til the rate of curvature appioacbed

zero. At thte limit, tte e"istlg resisting stress in .owrsLLLiy. r, and the

resistzw. wvm-t Is I.> 9 a. Actual.!.Ly, the beams ha a a"c greater sot reelet-

Ing capasclt) tha: the cte coaputations Indicatow, because the geometry of the spev4aen

perz~tted strain Larexting without local buwk.2ing.

Its coputations of the fltxua). resistancu of tla rapidly lnadad beau

ds:.&critedL in this report agreed vi LbJ.n au avors~e or about it0 per cent with Tine

measured resistance~. However, the wethod of analysis prestpoosa ttL. ayia~lity

of the deformation-time i'unctioa for -4he beam. !a & practical problr- tbus xresit-

ance ad deformation functloas, w~.ch s..re interrelcted, are ialtiall.y4 pet

arhltraxily oefore pz c~cti~ with tht. solutAon. Three zmwxr asuiptions for beau

ribw~e. ~i arux-*:iona. of dirplacnu.ent are zliu.a in Fig. 43i. Thesre are the

rollovlanv (1' a rP.iIoa,.nc- der-iyed .7.c. t- b-onk lkazrtlfr at 'Pny cross-

sectior~ off tne- m.:xbc. ) which Is the e4L-.to-plA_-tIa rtreas-stra.1n curve for the beam

raterinal (2) rn elan to-pL&a.;til rc; stauce f'unctin with an initial elstic slope
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continued to the plastic moment ratio of M/e = 1.51 (3) an elasto-plastic

resistance fuLtion with the initial elastic slope continued to a plastic ment

4 ratio ot scething greater than 1.5 ti account fr the dynamic effects.

If the meaaured resistance or the runSdiy !_ edc mild stcl le L

interyreted in ters of the arbitrary rosist&Dec ftunti m a described &boye, the

tbir mt,' would mat Maquttely predict the observed behavior If the rully

plastic realst- Is ina-eased by 60 per cent for 31-2 and 40 per cent for 31-,

(probably high tu~s to the questiovably high dynaometer datua), UUAn 40 pW coat far

I

4.5 uand. ofRslso FeuePe

I 4.5.1 S~M of Results,

The ma jor puwrose of the f1.nure toote was to dotemxsine Ast~a or not

W h reals taco or material In flexure could be corelated with the stross strain.

S tm iaformtioA obtained in slow an& rapid s atres testa. Therefore

' the results of the flexure tets are interpreted. in sh a mann r that this Oaer-

j - sLoan is relativel4 sile. lAsic data which are representative or sl4 wad re gi

I tests of each of the throe mterials tested are shown in rign. 36. in Figuros a 4a,I1a &&aA 42s, awent cumrvas- relationships obtsLned from -all of the flaxure taos

aremow.

As was aentium earlier, the major purpose or the flexure tests use to

dat araino whether or not the beuvior of siateri when. subje ec to slow and rapid

J laxure could, be correalated with thl bshvior (as obtained fro% slow sad rapid

uniaxiul stress tests) of the zatarldls from which thho 'he-t were =1ag TerfOre,

tbs zajor nrsult of the flexural test investira*on is the cmparison of bea

I zvsistancs as determined from measured deformations of the bean specimens ani

knowledge of mterial propcrties with the behavior of the beame &a measured direecl



in emch tes~t. These c~armiaouu are sbwvn for each specimen in la -~o 40, 41j, and

~42, in wjain r rejeated (1) the meaured man .x curvat~Are relatioabhips, (2) the

inmut curvtature relatiaW,) dateraino4 using muaa.ured defornatioz of the bass and

matetr al properties dete..±ne4 frog alow uad :V~II uniaxial streami taxt-A. ^;A 10)A

the movent curvature re ationzahp representing the wlaai-yieac straln relationi-

W71 wbion best represents the bas #trots-etrain r&2aticaahip o.? the specimen

aaria as obtained with hiov atra,4.hi rates. =-a caaiou indicatos that the

behavior of the material) under flexure can be oxaplan 4 wIthi less thiaa 10 per tout

errby cousideratin a .. rAmturi.L propertiox 'a obtainad in mlaniaJ. stress tests.

ISi explanatiun to in %L-rost all camaes sure accurate than the cunoly used elasto-

pI&astc assoption.

The rieults of uue flax.re texats have been s-relda* (within rea~otaahe

limits) wi th thd uuaIa.L.1 stress properties or the material £Zra which I-he beafta

were mad. Thia Iud~i~tes that it should bt. pv.ihla to progres iro the currentI

knAwz.e"e of thea bea~vior or etructure. aeta&Ls under &low eong ra$4 uniaa. stru

W~ an Ap*xawutic-n of the behavlor ,)f strust4wus oa~poawd Of Waucnt9 such a beans,

teamaolmas, "n mediim thickp Lat~t wheni &vibject.,d to trwnsiant dynamic loadiQ4s

producing ex twLuve inelastic derozuationa.I



G\'ENERAL. SIMAKY

I. reneralSmmr

At: war, mentionred in the Intnaductiou of thin report the primary prnoseeu

jof the Iflvttatiln were! to determin,- tho. time. sensli.tive rtr.-rq derormation

chracte,.istk'-s of severaLl o. .h& mure coflonly used struct.fritl metajeo, oand to

deteraue the v.AInperinir silrnlficanco of thift Inrormation .ts regards ap±ilcation

I in the soluton ct' prottms concerned with tle behaviovr of met' mL structures wlzan

nu .[Jeted to transient tlyu~awiL: loa-Au prmd'cing Pxe-.ve lin slbrai. deormation.

11 . wrk! UratL hna beeL &nn Usa ixlcded %any tev-ts of veveifti 'f the

Imore cLoly used structurak L.tals irccludln~j alla1 steels of the rimed, saml-

kJI led, and ful1ly-killed varieties as ubl'.aIned f.roa pla'.e, bar, az4 roUnd section

I st,,cks; a 1,v of the commonly used alilya o steel; arid one very cos.nil - used

j structural &irmxlrne. The tests have included slowv and rapid a ±iln.A, uof Stress

under untaxia. cand-Iinas an co'.ditionzr of pure flexure. In addition, a -*ry few

reversed loadings were applied to one material.

j Te result- indleate that In Lzearal those materialii whici ,Avf it pro-

r ornced up;-.- Lowci: yield point phvz:Aut.t-a in -- low &ziining iate tests (that is,

it ~ 1s18MLnUltY in slope Of the E01r~bbsrPte'in relationship) also exhibit a~ time

senlitive N-havior In the rtgion :ru. initial1 Inelasticlty thr.,u~i general yieldiln,,

'~ and a le-s ,j n ~.fiesn"L ti- ~.. iv'-'.un N 1!;ft. regiun c1' iri raini hardening.

Ite so-calv !1& .~j1 le r-:glir is tapi'str,-nt.y insenitiv, to tisik effects for loadoing

I: ppllrd in times n(. mrr rapla than a ',r u.1 I ii &t~rdi. The results pertainiog to

the tim" st-rgitivity where prezvrr' I-.&;- t~n &-ibitrarily prcegentea in th- fehr- of

delay-d yitell uid rate o' gent-and yt-ril~ifs Cjjr-.riaici. The retiults of the tr~ets

Of' ='ItCrinelo WiCh Wer roL V-.rfjz im: riV wvz, preriented i.. thfe form of'



.,,r, iis-strain and straiin-timr- r&nbp a d in a Vev coaa, &a elpsied timps

in sp~cific amowits cf* yielingm a Jefineda by variuu.w amrIitrary stlected valueu of

A m&J ',r puxL-.c or thc Invest.1gation, as was mentioncni above, v"a to

**--vid iniroruatioa which woulid IndIcate vhether or not the, -QmUlts of~ uuis~xia1

stress tests z-ould be ejtAndPE ~ t- irJ Til;c~..i~j.?e resuLts of the

flexure Laests whiclx were perfrva~i in Weat izvetlgal~ion i.&LIcate tat Ciie cack be

fDns with lcess than . per cont errw.

Thereibz-c, in awa caaaj It .tnuld be possib)le to apply *:', resujta of

uniaaia.i stream L-tt Ina predicting the response of f;-man and plate t)ye structures

to tralcat 4ynaaa1c lcnd4t. the. prodiae estensive :LoeLaatiC defoization.
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DET.W4NATION nF Ft-DLA. REISTANG-- FROM4 EM DEFOR?4AXION

X14) UN EAiIA:. STXI PROPERTIES

A~ a menttLrud in Section 4.4 .2 Lh-z reseug4b~ corrflapoading to

the cLurvat'Mc mvaswed 'In thet regloi oa' pure tieacwre was dotoraineui by computation

wilng the datQmation "~ W.at zA.cs althr frm St-' gaci.;o the ou&ter fiber of

the bes or fr~v the ;urvm-.ure gs~cr appiied I~ the si~ of the beam, n.zi three

%m.m.lv~ina; (a) t~it *.b- dlms 1le.t1'u af &'-rain is liniar through the depth of the

beam sectia; (b) that the hehe.'±o of thec beem matortal wue1 is t4oe same in both

tor.mlon and czprcdmi~Ju ior. . ) that tlie za4:l ix%9hlt~.r obtained under

conditiona of uw.maAlm stres ou be ap;Vq' l±.o -Us stress gratleat con4iuion

euistgt.j in t~v beem.

For air:e ±od a T11-ations, str-eo in m,±jd vi.*e. in a sintic valut-4

fuation of t a.o. ma.rorc, tthe yr,:eoluI- used in caqzt~ng r Asisting zflment

f.o swaured stralz-i is straightfo:.v".. It co-Alsts of datemularr4 th~s ntrain

1" tn toem ,vut. a. trv:I m coaid,d., finding~ lho corresponding

stress dlai'tu±ntlon by u3., or tAe ccajw~iL-' Rt.-essatmir. relat.rkmip for the

t-m macil and copt t-i.r, a=*g m .L fruca the wLtwb distribution and

c~nnsidnratlou of the g erlp~rnpl-rt4.~ ! ,f e -L'e b=

For tie rapi 1 
rc-i I a, the r;t-:-~ -d t,3 det-izudr.e the resisting mEn=Lt

Of a Oe.Jzim, 3e 'r,101 frOM the MZE&.-; C;Ut- lli" U-am~ or l.ae strain &u deter-

m1w?: frccn '.am: ,ru t gage ±is cczq;iiacI... ta- fact.: thalg, tmr~dr cuadittac; of

rjpcij':dnl In~ !.a2 ~ :a i~~-3f uet J:v str l, 1-!t 8.130

strain~ reat a.,;- tine. licv,-v-2-, D.; mr'lig "n- 0t,1* nJ n o), p in~ add±Uion toj

thA~j litZtrd ai4:ve, th -: dkALVl2-Ll rl-.F~le'4. Mn~IM'id CEt bet Otirwd. Vlat assmption



i& (d) that the stress-time characterictics Q' the beam tateril, etenuined from

Lhe mAteriela studied uuder- a ctr.ss-time relationship that Is applied rapid.1y

and is thereafter maintained c*nstant are applicable to the struas tL conditions

probably existing In the beam specimens. (The validity of this assumption can ha

cheeW later by comparing the stress-time relatl.mhip cwutod for a given fiber

in ta 1e-, wito the stresa-time fuaction with vhwch the materials were tested.)

The procedure used for deteaini te instantaneous resistance of the

beam section to a isrc.Ned measured straining Is doscribdd In the following par*a-

graph. This procedure requires tAe use of the measured sLrain-time inforsation

obtairad for the beem section coueiderel, and Iluftmation simil r to tha contatae4

In Flige. A! and A2, vWLh represent the inslastic time dependent and strain rate

d4epindent behavior of one of tha b,#A. materials s e.

By using the aceiawred beam defOMaion as deterained either frci the 31-4

gages on the ,nute-r fiber or =e curva'ture gage applied to the sides of the bea In

* onjunctlon with the iuformat.iou of F74. A2, t.he time at which the variote values

ofaprn modulu *werv :bmhed cculdbe detrmined a is shown in Fig. 0"S. For
e-ch 0f &hose Lima" the ""tGOe on the outer fit" could then be computed

(a~ - cac) so that +he ztr'-se-titse history was imnown for -.iae pazticul&, Cil~ar

S considered f.m the initial rtranng throigh straining correspon i g V. o/a -
20 x 10 psi (Fig, A3). ?c-r rtriol.. beyond this value it was assuaed that the

Inetantaneous stres level could "Pa dc.tenained from the meamured straji rate

throug h use of Fig. AM. In this manner the -tear tln re-lationslalp was deteitLined

for the particuls f.ber of th- t= considre. This, of course, could be done

for ema riany f ber thruugh the depth of the section as desired (assuming that the

The strain-delay tie overlay twed in Fig. A." may be constructed. frcm Fig. A2a
since strain as well a3 stress may be related to delay time by means of the
relationship a/c.
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J+6

distribution of strain is linear with depth) so -hat instantaneouz .,tress "blocks"

and, in tLun, Instantaneous section resistances could S computed. For the BF and

BL series flexure specimens the stress blocks were determined by conuideration of

strains at six locations through the half depth c th, section. For the EK series

speciaeni, lu which four SR-4 gages wev positioned through each half depth of the

beam, a coerelation of measured strainss ua a4e with the rAsumed linear datribu-

tion of strain meationed in Section 4.4.2. This comarison indicated that the

distribution of strain with depta was virtually linear. Therefore, to mary ind-

vidual strains were cmpIated through the half depth of the be for the K specmenws

as were omputed for the other flexure tests.

No "elapsed tie to a/s - 30 x 0 si" data for the K material vere

avilabv since no SR..4 strain gages were applied to the coupons and the sxzenao-

meter was not capalle of Indicating the time nt -hi: - tu secs.t mc~ulue first

66de t -m t! day fo -Li psi. Therefore, in t e analysd of ttaes aarlne
o.1 spicimels the delay for i . for a/c 3 0 x 10 6 iG, weas taken as zero.



TABLE 1.
I SLMTARY OF LL41AXIAL 7r;.3T11UG rPOCWGA'

Irp ofaerI-- 1ne fTvi

Serien (Aa rile zuJ 4s machInied 3l-.W Ipl AI ~~~excert where notel) ~ ~ 3±.

RDl fi..1l , A371, A7 x X.x x

MijLch.cj x x
Polishel -znl Lnoaled x x

- lotchel ai~ S.ai1lej

SP Seul-kIllel ate- I, ASTI. A7
poll shel AC x x X

Pcol.3helI 'u vnc Il x x
- fotchel azi. in.eilel xx

1W3 A.-I A7 utel X x

Y ASTI1 A- steel, mune.le!X

HN Low~ alloy steel x x

NL Low illn gal.eel x x X

'ny Ifihic -r2'a1 3tef x X

* Y Mully-killel isteel, A37.1 A7 x X

* Low~ all.oy !I v-1. AS11i A",4-, x X

*T CJST- steel x X

A,B ASTM At fleCC1, .lo IolzJ 4.4 section x x
*L 606l-T6 structural .ilinun x x



TABLE 2

Seres AIAL SP'CI t 3;: Aritxi Co )1

Serles RB, SP (rrofile Fig 9)

The number3 or letters in "digit" order are:
1. Sit uimen Area

1 0.100 sq.in. - 0.357 in. D.
2 0.20 sq.in. - 0.505 in. D.

Specimen Surface
3 Polished srooth (to about 15 w In.
.4- A:i Mact'.no-l (3urface r-oughess Is 4 bout 150 win. r.m.s.)

N Polishe d then notched sbp1iL 0.il tn. dep

. e of Steel
R -Rllwwl ste el
S -sewi-killel at'el

4. Stock Form of Met-Ll
D 'MA e ,olled b-ar
I Hot roI~ed pl -te

A - Am rtlled
B - *mwkol and apher i ized after machinin# (il Helium

1/'.: hurs at l6b9-F.
2.. heorp at 3.y°P7.

C *Azweoled w4 spheI-ol.zd oweir. sac-bing (.u Helium
atmo~sphere)

2 .5/i0 ,-rg t 11oXP
0

F.
23 houra st 13 l' 1 7.

6. Identical Spcimen Numr
1 - first of.- 'n ot the type, etc.

5_p : periMen iSRBL' I. a 0.3.7 in. D. polaied ~mcimea of rimed
steel otainad troL bct rolLed bar twex left as rolled and is
the seConI specimen of thi type.

Series N, 5 (Profile ix. 11)
IL, WN (pr.t- Fig. 11))

Iii- (pgorle F:L. Iz)
Ps (rofile Fig. I)

The r4ricB dt.Ji01ftiL, 19 su'fIT. to InILLutC tie orientat1io of the
coupon witO r.zpuc* to tbu :'^rj;L 1 of mil roliroL of the parent

matereld.

T Transverse

Series 1K, C' T, L (Profile Fig. 13)

So si!ffx prnce*,; ur" followa i ;,pelmcu number.

Series PSL-A, K-A (Profile Yig. 1j)

A * Reduced Cage rection over full length of the specimer
bctw-en threads



I "-.-°' - C5

0 1.

'I, 1 - -~t

h i

4 I



a. a a

o g

I a a a a a a* I a a a a

a a a 0
* I a a a a a 'a.

0 094 a ad 0 0 (.

- a , a :~ -~ 0I a a a a.
0 0 -~

.~ -. S a a a ~ 3 ~(R ;~~aM' a a a a ~

a~ ~ a
~ a ~1

0.7. ~6 *~
S. a a a a

0 0 0 0 00 0 0
- ... o

00 0 0 0 0 0 0 0 0 a.

0 a ~ ~ -, .3~aj . a a a a

00 0 0 0 o ad d d
- a - a a a a a a a a a ao 0 0 0 - 0 - 0 0

~a ~

a d ~ 00 0 0
33 333

3 ii ~a
Oa a

a~L4ah' a ~ ~aI~ a.* .#a *g

thu ~' ~ -a-- a-a-a~aa-aa-

'1 2 ~

I~ I I ii ~ ~ la M



I IN

it

- 6312J

~~IN

_ _ I t~'
IN Gl~S

I' dr ~
N , IN

__ i4
I C -

1~. _ _ _



- LsG11;o "n

*O7.

i 2-

u 0 1 0 0 0 0 0 0 0 1 i .



.0 0

0 0 o o1 c.o a 0 .- 0 -0 M. 0

low 4 OZ A 'N A , I

S e

ti.

I IL
1 '- 1 n' 4

is r'- A -I

0 3 .3 3 J ~ 2 3



.

?I7 4i a

zr-AT C, C, (Ad~ d ccd c CA d

1 *0 1' "isci

a I v2.UO 11~ 
_ _ _

_A 1-!
*w~~,l. 00 0 0 0

-- a ~ cu

Lm-aae



STA; ao s1i1 " C ACl.1

plol 0.Bld 0 C; ~ C 0 00 .0 0

lo0,

C; a'.~ 0 00S
*It-

Q 0

. ,, 0 0 0 a '

--......... , -.

191 N! 0 N l



J, --u '

1j l~~ 1

~IN

Iq 7

ay1 uq;v~Op - tii

N N.

Q oi 4

- - ZCL



5. -4

0& -c a o a Q

ONd 000

1040

. I,

W-l -6 T __ __ -
1.3 L

0000a OO O C 0 0 .0

. Z' 0 , N C'0 . ~ > A



vo-

0- 0 C. 0

lit.

I ~ .2 PI--J-



L-2

:T T



- - Doa

A 
-,

00, 0 0 0 0 ~0

..9 ~ ~ ~ 9 -- -C

:0 W% C) CW

~TI'1I

U ) CT 6, LltjC) c

i I j aa

1I



PIRII JO .! I

_. - .- 0 , 0 ;0 -

j I



1 8

C' ci 0 l .
-Ft'v -- '

C,0 C 01 c

00

. . .. . . . .1'. .

0 G < . Cr-.'q

Q .- . - . _ _ _ _ _ _

0 IL

Q ~ c q, .:1~r~ O

Fo
-02.



- o I'sy ul I

* ~ I9 -

opo IMF.-

UT--0 It c'l a i a'lI,0

6 6Q 0 d d d 01,d Co;

UT T 'r d 0 I

c.' a_ -. ' 9:,

-CL4-CiL-ciIf l a -04 Ci q I ; I

9 A.

y m I -L



.fix.

TP 5, 

I!IIT

-) S 
I---I 

T

qF Ti2t.1013~ I

.5~ 

L



*.., ; *.a,4

7Trr7vn 1

6 0 s) 01 0 0 C, o o o o) 0 0 0 O0 .

. . . . . . . ..

'N. P. 9,t - CQ
11 1 C; 0 31c N

* ------ -- 9 . 9 ~ * Q .~ .S c:..9)o . . 2 S 4
T- wC. '. 1,4 T-.



I~~ 7ET
11T~ , .r.s o I lo0

VI ____________ _

Orq, aord.

L-I
1 

,U~$ 0 00q

pi

mu-_ __ __ __i



,- .. -. -- -..-. .U -

,A A

a "-

• i
,. _i,_i..._,.... . .... ..... ., . _. __-,,1,.., .

__ __.- - ii "
-1...I4Oii T~ 7-lT

oT , <
.o~7'i~ li,. u u u

• :- ,- - -" i , == o . ,- a

I~ ' i I3 I

+. , .. * ,

i~ "a ;lt l 1 l

"" "''=<" lt i ' 4It !, ,~ .. '4 '

'a. -ra C



a a C4 a C;
-- 9 - * - --=

is9 U £

I -

j A'

20-4

LIa

k4 p'



'Al IV

7l Ia c a 0

-T t c*IOUOT
A~ -

4~ 'T fL ,



- i;I

'a 01. C . , 0 0 (A- o.
,' t. . 4. f. ;. ,.I, , I

Al A 0 a ," ; o

W .-

,' r .e , -. ; - ,
- ' o (. a 0 . 0 0i

' ., -' N, o • o

"- C. 0 a a " 0 0

n~ x

IF u-.' _ l. f a a u l



-J-- -j 

..7=1

Mb77137:>I
ul ~~~~a 

a[T .4 [.-

". | I I . 1
--

a .. *o .. A I I

,m?,

:jp 1 li



- '77 FF~l
UT 04 I0 0

0%1 V-C.
t . ~ 1 T , J l I t ill

J.: ~ IF4 e

ld 7,t



r -- - - , .- - ---
, I I

9-

lp I
'' ,I , j

I. .5I~

" - - ,- ---.- 1----.-- -.- 9 ---

IFF



7 ,- ,-

~ R! j4Tti ~ nxFTKVT7V........
g o * : l

-~ j.0- r j

, J - U

r T



PTI'll 0o0.l 0 N o

3 0 oi Cr 0 0 04

.9 C 0 0 0 0 '0

cr -'s

- .---- t-.---.------------- - ____ _A _

C; C>C

ty I~ 7

Cd ~'- ~ ~' -



cc .4

I - ~ 41

U ~ ~ ~ D C -,-

uoi 4*' 
14

I~~ - _ - j _



01 1

-T u

*0 91 0~0 O 0. 0 a d

-- - - -.-' -

IDT- Aj I I
__ loPl

114 m t



F __ ____ __ _ ____ ___IP7 IIIF 01FY

A~ A--nI

1 I

-1 1 1 - [La
- 12



p i I

u'I~. I'

u UTjUU1

T)"T o 5177 1F
% ;--~r

we mwpeI



n1 I-
s. Toe. ~ c

* O 0 ~ 0 0; 0; 0o

It.

j C! I l. 3 cs c

C, c : d ~d 6s 3

I o%

-- I- J. u I

I C,



UNCL A'FED
lVat

IArmed Services Technical Information Agency
ARLINGTON HALL STATION

* ARLINGTON 12 VIRGINIA
]FOR 

FlU NiROCAPID

COROLOL L _Ljotz

moricE: *WEK GOVERNM ORl OTEER DRAWDIO, SPECIFICATWO CO. 0rMhJR DATA
FM~ o ANY 1PURPMS OTEV THAN4 DO coNUMeIcz 'Wwu A DEFIITZLY RELATED

uvvamauuwr --~ UmmuwWr UV5MU, Trdaz. U. I. UUvwxMEEM-aR-l rsijft
NO R3PGMII, )MRAN Off OIAT" WWAT3OSVIM. AIM T"M FACT THAT THE
V)VERMENT AY RAVE "MULATED, FURNUHED, OR IN AJNY WAY SUPPLIED TEV
LAID DRAWDICE, SPMC1IMATIO, OR OTHER DATA 39 NOTr TO b3 REOARDWD BY

ItTICO 0OEERWUE AS DE ANY MAMfIR ZXEWN THE HOLDER OR ANYZ OTHER
CR CORPORATION, OR CONVEYDIG ANY RJORT OR PZRMMUM TO MANUFACTURE,

OR SELL ANY PATENTED UWENTJOK TEAT MAT ME AMI WAY EHZ aJLKATD TUERET.

_________ ED4



Vo J a 0 0 0. 0

.I F - 0

~ . I

10



----- Ili I, , .- -

c;J[t -[ 
-

'0 -

T- 0 0 t 0 0 0 1I~o'o.-- v, ! : L , & ,*

9.I " " 
_ _ _ _ _ 

,I', 
:

1 --_ e *

d o o'

. I I

I .4 I . . . . 0 Cl

3 , ~ _ _ __ ____._____.__

9-WA

l-- - .,-,,. -- ,. .-... ,,.,..

. ... .... .... :_-' .. .?A A .
t..J I

'" .......... ._.....

t, o, ° oc

ft a lg *

A- Q

i'v i % ' r : ,i ' 1

r -- '-- --- ' "-'- - -'- " '- 16
!t



JO~0 01R

C; CF C;

d1  4

77ou Pf 7 r 

isdi
jiI N

----- Al
C." _ _ ONI

Id~~ ~~ h



p I

I

1 0

tz.,,T~ot,



- -.--.-- ,---,-

-I n
~ ~

0. C. ~ ~i 0 I

~ d!

K* S 0-

_____ 
~. ~; psi ~

r L~Pu~~WTc ~-~--~--"-r'~
-. -'

;~~A~-I
I1..'p.~ $

I fl 1 e,

j I ~ w I

-. *I rrn~
'~ t ; ~ Ij

___ TT 1+r.tTTt .~

~L .aIL1FLU1~ ~r- -. LI ~-* ~

___ 
__j~~~~~j

I~. . ~

~ L~: I I

Ji~
~ K



K -

.. .

.. . .. . . I

L . - ., ,I,°
I I4,I  ,

.... i '.,. o

-|~~-------rt~-



Io .00T-1

TOTS UTUZ1S

A 

I'

0 *IV ~~T-1

LL-I



p ~ ~ PV [ O Q9/U1tZ T F

AT m=:I~isoii

F' ~-- F -1

all

a 0 1) I

''it

* a a



I
I
I
I

I 0<
I
I
I -~

I

1~I0. 1 F1~ES3UN! FA~T~L, XiiD 20 KIP PUI~3~ LOAfING UNIT AIUtA2~GID P~)R
T~INC~ UNIAY.TAL ffitSION SP~I)~NS

I

I
I I
I
I
I -_I



-

da

A

~

3.4

C,
3.1

I
L~I

0

1~.

L

&



Load Output o

ft..tiaA o i
Vol" Rod,

ing

________________________

$two Vol

OrfiG.2I U SE LAIG U I



r
t

:i

5

I

:

I- -



fFic. 60E KIP PULZE WAXIGN LFMTT INy~M TESTC!NG 14 M-CuUMS
(A &) Kl Unit wit4 Ouicr Chbenbrs ia iri Bckgrcwid)



n!; 7 x r f~w-Ur. L)ADl-, UT AND P.j k.r Si'(UI.S;J UIT CONN~f'Mh)
IN S12IFS 10H*4.LC1'I(, TLSIOK-LO~!"S1C Z3P1tIM.J.J;

,4.W WITHI P7.953LAK CONV~OL PA. EWc



V

I
~ a -.~I Ill I

-~ I
t -~ ~J L 7 1 1 Ii 7 '~n

I - j'&j Liii

.41 
I! ~

~;4I -~

a 1 q

-; .: I -

- .8. .i-.1.

3 4 a.

a L A.

1! 1
at -

a.

7771ty rfl72-L ~

-~

~I
I a

iLl
SOkt3A 6~N ul ut 1

TJ~UOO~ 
H

*~0* ~~1 H
~TUAI

T*Ja.o{ -4~iY - Q~
11'1i -~

ru-u

j
A.

-. - ~



rr

-o I. -,IDA



I.

<I

-U-

I I
lo-,K

-'---4-- -

I C'

7::- V:9  
S.. C

~1~

-r



Spheicalm Seat

T1enile Specimen 4 8 ----- Loa

j Spherical Seat

L~adng lod----- YG. io CONNICTION or Toms1L
SPSEIMU im MULBI UOADINGI
MACHNS



__-..... ..__ _ 0 -

-t -- - -

I i,

.. i . ... -L.,.r .. '/
(o



I

II

L7

A



i -- I

I 7 I t 'I H
A i

1



V1V

Vb. . - .

FIG. 14 -BBC STEEL, EDOE OF SPFCDIO 1NPJTIL'

(4&% Picrol - 20X)



I I r )



IN

"I I

(41'..



i'li

~~ t., ~ ~ ~ ~ i! {TAY iI37 lA~jdWAa ApPARATUS'Nao Uolts used for 11cmuiye te-its; ()le upit
ised for re.pid uniaxial ates testa)

L ---- ------



!u \ I
A U]



I I - __ _

I, El ~-. j---i

" I
, 1o . ' .• T



I----

- - I
-- i I

.... _' 4 H
I_.--.-._

iii~il

1111
ri.

L1



I --- ___

I . ~
F-----

.4

---.-.-. ~-.---- -

II
I I>

0 a

'4 ~ 0%

0 I

44

4

0 I
I.

I-.-.-- . ..........----- I
r I

I
0

f ________________________________________________ ________________

I'



L IN V
I 1 4

I ~
II

o 0 £

a

0
'0 0

0

a,

-2

TUE' ,,..'1s ,~ I0



I

* K
H

* H
I

0 C.

~2 -J

U
'.2 t-I, It

II
C-

II

0(1

4

K ~
I, I II.

__________________ 10
_______________

2



I
p

C I
4

U

U Iii
0

_______ I
x t* 8



4 '0 / C)

.1. *~' .
7. *g~~
I * A

/
-C,. . *' I,

4

k I.

* : * K ~

* 'V -** --

* . 0* * I

00 .' ~0 9

X'tow *~~' *~I23J~



UNCLASSIFIEE)

A frmed -Services Technical Information figency
ARLINGTi-ON HALL STATION

ARLINGTON 12 VIRGIN

IIMIRO-ARD)i(X

MOMSC: WEN OYVE3W1W T O~R Or UmWB 3PKCCAiI-1 Olt OTHER DATA
;MrURD FMB ANfY PLVK--r OHKR THANX I C=MNCTM.f W=i A DPF1NWhLY RELATED1

;QW=M~vA- OFF&ffJS1 fah! it. &, GOVKWIMKWF TEEZRZY INCUR
'(0 REIF1XQKIJr-Y, WOB A:-. OSUIGTIMP WEATUIOKYKE AND THE FACT THAT -=l
:IQVKRNuwff kIAT HAVEz TOPMUATw, rII*NUHED., =a v; &,f wAvY nTH

OR COROATIN C CONVEYDIAYRW RPRMONT AUATPE
STL AY ATNTD PINTMrrW~ TEAr KAI WWYBERfT HRT



I-

I.
111 1 I

/ r.
A.

A-. - L A

..- '.. I.1
) 1

-< . w 2~.
-A- -A-

I -

* --- * a
(

C-

I.)

A-

.~: .. .:. s.



I-
I - It

II IL
I 11I'

IV
- -

*Ig. .-
-a!: ~ -: I

------ -

~h* i> I,- k
* = IC,

S C 0 ~,1



ac 0

a c

S /. .. .

; I f. o

:' *, * '--- .. .

,p '-- , \ "N... . X '

,fl V. , V. K>
10 c,

aCC

o -on

7 /n

-V'A 
i

%v %%



r
:. ~~1

* - . . - - .- .- - - -- - --~- *- 1

.-. ~1Cb)
- . I

. . j
, -- ~,*. 1

* N

. . '~ .J~ ~I
-- '-I7ii.ti1LI~~ --

cv
-. --.-.------- 0

* V

______________________________________ho
-4 0~

0 0-d .4

,ffTu-r~6



II

' 
I!

I.. 
J

K~i. /

"-. 
,

"I,..



7--f

1 -2 - - - - - * T : -IL - 4

IT

10~ .o sri . I./so . 101

1 0-3 0 2 *- 10

Ice77w

1,12i~'

0 'I

I,: --- W OD .. "I-?k PSLT. StP



LIr -- 7TT-F}~~~ 7 TT7

a 10

I r

S10(2 - -

Icr.

1 0 - 1 0 - 1 0 0

.
i

.y: SI : "'TX .; AT rX F.-



I~~ C TT
1- 10 -1i

~~ r -.10.

-



I~l C 107i -- I 7
liloStran I s./~in.~ L

iono

ric- 21- kS M7I-Al



1i 2 10 10

lo F- -Fl

I 
. .l

.4-S-Al-! kw D .IIIRZAIKH



17---.-.--.- -

10 .

I 1 . ..

I IA

AL; 
1 9 1

CL-_______



I.2 1 Se isto

L 1 10

r00.

$01 /

O _________*



ii
s~rRS -. TEAN A..

iL :~.



.o : : ::..: : :

" . I "* f I' I I . .. -;

7 .

Sltrain. It./t 
10

IC-3  10-2 10- 1 100

I

N 1 . . ....

* I.

1 3 ---,- ,,

&'_ ......

L --- ~~1,~



-~ ~ ~~T 7 -;;i-:: -

7 7

-2 2 1P

3 I

I ~I'L Vu
Sol :

60 -



i mi

10

I- 14 0~

Lno -- --

4* --------.-

.9 SIA-STAN AN .TANTM 4i.TOA



101

v.- 1072 i

I i

"4

:1 L. 
P-: STA i :?'tF LT -SF'-



Ic 

ota . it./to.

Ic . .. 0.

~ 1 i . , 0

1001

-..l .:re

37I5S$ I *h' STA.-!lX -j-~ P



r --

'I -.1
_

I A

~ ~1
- .- .1

I'

4-

NT

1.
I I hull

I -*
* I 14* H IA

I _____ I: 0~

a - -
* ~ * ~ 'seejig 1101. As~r.

i



-- I

i I lll~ il _-- - _- - -....

-I o

-Z

/ / I '.iI .
I/"

,./ • . .A , ,"... I !
* /

" /... . -t - - . .-. ;-!

7 " I. / . .
./ ** ,.. , 

-

,"; ,t I I I <

.. ,S / / 01j" . 4-F.* 
0 ." ' 5 ' , *o t



S 4

.4

c~.o

* -

• _ ____- ----.---- ---.--- - - 0

.. . .... - r -0o ,
Co

0l _ _ i1|



- *.- -- 0 0 ---.-- -----.--- C

U -.......

U -____ --. .oI1~ -

C -- --. --

El * a
4~ -~ b *.~

o

- . -I--.. - W

* -- --.- -- 1----- -
*

*1
- Eu

I

__________________ - * C.

-.-----.--------.-- '--- .-..

____ - 0.
__ __ ____ - go-a

I..

/ ___
-, .-

D a-
- 0 0 0 C

ib S b



_ : ....--.. . .--.. .. .... 0

* S.

II



. .. . . .. 0 . .. 0

I!•
0

0 S

* "

I.

0S~i

* 1



I.

S - -

-1~ ~

I

-,

4-. ~

.J *1

U . ___ 'u-b I

I. -

- - S
- *. -- .---------.-------- U ~

* I,-. __

* -- I.~~IL.YIXZI7I..
* A-

. *0 * -- ~

- ~~*J ~0
~ - -$ N

C C
*. U ~I _________________

U' - --



r
Ii

~~1
* -4 -.--- . --

-. -- a -- '-----~- -'------- --

* '.4- -~I, . * --* I * -

- S.

- .-- --. .~:::Z. -- --

* * *

* . - , ---- -------1
* . . * - I

* .- -.- ~ 1
o S S's 0~
- 0 0 0 0

A. . A. j



F

t .

0 - -~+----- ~

* 4 .. --

0
- I. -- ~ -- 4------ t-- -

.' S ..--.-...... ~.

I . L
0

- I ~
o

S.-, ,, ,.)

- - ... ~;: -

* - - - - - - 0

* 0

--.-.. ~-.-. a
* 1

-

~

I777~7[V7TiI7II72i~74:.:

I- ' - -~ p
I.

"4 0~* I a
~1~ 0

I



* , I

,3 , .4

I,,

/ 1*

- --- -.--- - -o,- S o



fh 1~* I
3

.-. L

* ~ i
-~ ~ -~ S

b ~
a

* I 0 ~
o * '~ -- o 2

1~ ~*I*~s ::

* H/ a

*1*:~ U
U

/ * I
0/ WI

0

*
I.-1'~~ ~

L. .- -

L - -~
3 - -~

B' -*

4



I--

F I

________

~ ='ejb~

K7___ __ 41
____ __ --

I: / N

I1-*---*- .---- _ __ I 3

7~~ -______

____ /1 - I
__IL-__

___________________________________________________ -q



r

L i i" ;

/

/ '
_________ _____ /____________

- ..- h 

,)

A



1S. I .

ii0
-- --.~.-~ - I



I -I N

P N

t 'N

N I



* ,. - -~ ~~~~~~1
N.

~ N

\ .j\\ \\
-- - --1-i

9,\ II

\ \ I.

\ \ *~\*** \\ II

a p-a.. **** X11

Ii

105-sm 00 * 5

-N
\ *\

N. ~ S.

r~
* I I I:iIIIII~ :\ '~
- Ii i'll;

1  
-

U,

'S

If
. 2\ \+ .1

v --- *------_____

4L 7
-- --- ------- ~ a

o ..r.
- '- * * 0 19

0 5)

U £~ L~- - a - 0) 1

I



UNCLASSIID
"' A rnnt

fim d Services lechuical lno oation Ageoc'
ARLINGTON HALL STATION

ARLINGTON 12 VIRGINIA

"OLR~ ON1LY -

13 j c-w. WK OOVERNMTLH'M CrM Of RA IWUO. SP ETU OR grd]ER DATA
M~rD VVM ARTy PURPMS WJP3 T"A 14 COCXCTIO WT A DBODUTE LY RZLATIV00vaun=wr )~RMmrr OPERATW, TEZ U. 5. auamk viKMwu &cum
N O MU~a lr, W A19T 1BLIGATSJI W3AMMC'ZR3 AND TEE FACT TEAT THE

'.41 SAD DP.IiUh, SPIPSCATRRE, 00 &M R DATA 13 MMf TO BE RZGAMED In'
'~~LMUKATICP OR (bTIMRWMR ASINM ANY MANE ULXZN TEE BOLDER ORt AlIT OTHFR

OR CORPORATION, ORt COAWXYDI ANY RICRT on PrbUinMWN TO KAwmJAcTuRz,
100~tBEL NYPATENTED UWEZNnTITAT MAY I ANT WAY HE RELATEID TRERETO.

SUNCLASSIIE



.-. 1' -I1
I' .. ~- Ii

* -..-1
I

* Il 1
I
C 4
a S .. ~. ..~i1 'Al

~ W~ t~
. . .



* -..-------. j 7171{

____~~2~ -~

* is

ii

Ii
--I

t~ * £~ LiII *1I' C- ~)



f 4

.. !.

o. St

It

0 I L Jt a

, * )/tT, , o
_ _ _ \m



* . . J

* . I
C)

U

- * CD -

* 0
S.

I ~

~ 771~ I
'I

0 U N 0

0 0 0

£.~ * t~ LI
3- ~Jf( c- O~



a -

I

I __

I I
* ------1

I - I. 4H

I jI --

* I
* _ I
* I

*1

I

II. ~.________ -

I - ____ _________________

- C d o cP. 0

£1 * tT £
I. *w- *a)/~ *o- g,) -~

I



0

S

S

S.

U~ -~

--* ~ p

\~HI

~
- -- 0O ~ - -- IC. *

I'

U ----- *---..** - 1
E * I

IF
4..,

____________ _______ B

_________-

-

0 £ L' 0



--- a ~j
I

I I
p a

-I 0

t 1 1
* ----.---.-- *---;---

-AK
I I

-- _____ ~-------b
-~A a

I

I



---- a

1'
I i

I I

U

I
I
I

OS o6' I
I

O.k 4 -~ I I I

I I I~ I
I I I I

v I __

32 10 I

T!E.D s~um PA'h?~!!Nodu1~ae. @1 psi ~ ~ J I

I
I

-- a I I
I



I I

' i __ _ .. ...... .... .Ko
p j lml~ie~

--...._ _

______g -. ---. 4 ,
;ml *.*boe :

I 1'5__ _ _ _ _ _ _ _ _ Ie 4

-4



- - - - ~~~~~~1

I 1
-- - - - --

a
o

5
a *-.

m~fft.~
;.~ *.~J1t IWIWI I-

.4 S.I- a
I --

~. I II.-.-. - 3,

/ U

AR
-- -f~.------- S

Liii mlua -~ ~Jimi~j44 S*UI~ ~~Iuu



1 50coimd load %Isme

Cumprosegoa

1 01 0 1 0 -; 1 0

g Tie# ow"ds

js"Gowd Lemd Aaiee

I-2

- ~0 1 -

Fp a ,. 2 9 L N G T O - T IM A : R A F T ) LA D I N G v l R p iU S A L



S~co.%n Load pulse Ispeciglost

-See

(t Pa --a Pus

10ei. 101-11

10

- 1 11'C

lor, I



I I

.....................

I
.. .7i

li.~. '7

I .71
V .. * r

Z.a;1,. .ev,,ia.~ I.

1o-~' K ***-. -7 . J 35-i 13-2

I 1 K. Cgsjmegls.

I . 1v
3

a'. I * 1

I **'*~t* r~4~ I
IA--

I I

a I I
I 3~ .. ~ * *f.
I . I... I
I Jj .v' I I

I I *.1
I: ... ~.. p

I .. ~

I Fl'~. y.~a .p ~i

RAPID li~VSS.LL J~IIA4 STATIC STh~5

I

-~---~



4----------

tit I
o+ + 7t77t7-

iHi

FIG. 30b :77kW AL AI.9Ai MAAO I
RAPID WAMW TAI U



-?W



IWI

AJMA, 1*0I



-- - --------

621V3' 6--t- 62/3' 6---- a/3'

I A-1 -

IN all"rif

I a0.p k w "psos

for sami' aa ere.masri

em-l 4"so" 7ge m of %b b

ad btme&m asOw U W $*i.

N, ThiPSUW. WA)rn t MMOj *s l Ife i t ....

I fat luasmleu~s". ki ~ui

' I mq wO is Corrior belvs.: :UWI ndt

s gsm oild ystan Oscillaor VIA apwtet17s~i

Fla. 3m4 IM~~iIMAATIOZ AD 3114021O01O WUUR SPIK



0._________________ 1________________ Ift

~~k1Stv
CA~sld w o~.~i

At. . rC ilflolofl bt1.-O Cioljl hLvAmaximus Aabo ac. bola

The**:ItchO. wug 4&4 ". "I th eseti.i1ty or O-o bridg* firc%1Ll.
Who so "S aa* ibratllmewle4 th('7 &r4 EVA~l17 *tuIvdIesfi to

.. o AIot 5 m. ... sc .ae*IIlbAsmar rig . aa

D S,~I:mm Itiova slftster.*



r

f - -. --

as
N

I ~I b
M

J-. -~
33

I N K

.1

I -

I - F

0
1 -4 1
,1

I SM /

I **'----~~~ -. I

I -~ - -i -~ SI -

I j, .5, stejI,



f -- __________________________________________________________________

~ Ca -

* - 31.,
~ --------- ~--- -. -.

* . ,-
I * ~.

- '-3- a
~ S.- .1

I --

ii

K - - __-- .-- - -- -
71/ -

/

7 -. vi~'
'I

7 I7
//

. . . -~
v/. .

I'
L- .- -



_________
wlwi~m

4

\ .!

' .. . . .. .. ...

, , _ ........ .... ..

.'

! " -'

I



I.- - . ---------.- - - I
2- d
.1

JciC.. I
dcli i9.4.4 ii. II...

N

~fr;~ ~. -A
U

K *1

\.

.1 1
--- .- .lt

---- 4- - ----- p.
* ~ . 4

a . I

- I . I
/ I

--- I
~ji I

- .3 I
- I

-in *.nJt I



* . T]
.. .1

I-.-
j . .

* I
t U.'? . .S

- - * ~ 0

. /1

_______ /
* -- *---.---.----.. ... -. 1 u~

____ 1*
* ___- ---------.- -~I. ~. I
* -. ---.

..-. ,-..---.--..-- I

*I. -.-- --.

I ~ I
k'.

~ *.

£
B



77K.
* I

* j

E - * I

II I
I * * * **..

H

L__-______



r _____________________

:3A -~ *1

& I

C I
a

S ~: ~
.3 ~' I

- ~ --.- 1~ I
I,-

* m~*

i

K
- I

* I I
-

*~ N4~  j
*~ *SJ~g -t I

-_____

a



-- - --

* ~

I -

- . . I

4 4,

I.

I-
£ b

* . - ~ I

- ~

$1

K- \~.

-- - Iin
II

_____ "* I
U '1 -. C4 0

I--__ _I.



p ~ .. I

I. - . .

t

I

I I
-is:

I- .1
I

- N ~2 ~I

I - - .. ,~

V LI.I

A-- ~
3 ~

I I

I 'II I
I ..--- .. I
I -J I

- I
II ~/(Zy .9) 'WU~ *~m..IeaF I
I ~ e I



I. I

o -" - o --- ..-- . .

• ~ae~ . T4Wla~e oA~lT ~ U



-~ - .- -- - *1

- II I
F. ... ,- I I

1-- I

I ii

F--
-4.

K ~I

I- Ffl~- ~----

'Ii I
'I

- g .,. 0

~j ~*o~; ' I



\ *\

Ir~'I 'H IL

I K
I ) i / -

(I / ~
I >~ /

1r( I
~ ii

~ ~ - - :2

KY

: :
I -

___--__~~~~1



xi - 1
p

N~. ~1

II
p

-- 4xL~.x. \ -I.

p I s II - ~ - -

I A. - \-. 14

I,

I. -

K - l/(~'r. ~

_____..1 -

21 a iw
I, a



frklrin' 1 'n

§1011
ARLINGTON HAILL STATION

ARLINGTON 12 VIRGINIA

rciMIS~ C d I
oCvzwwi-r Cus Ai Or~it rui: U. MUA M M N THR AcA

U'M broo An~. -MO OMBl T5OATO in ';ATJV IDTHI AL THiYAITL

Ul~rLULNllMAY &A'vz PCPMULATIKD, tU3II WM, oft IN WY WAY SUPPLED~ TE
IAM) DMA WDIW, SMCZFUCATNY, OR COIN" DATA X5 NOT TO IL RW.QADXtl 37

-:Onu OR CoRvoAlunw, ciR coNVzym Amy mirwn oR PJrRKM~ON TO MAUFCTURE,
CA SELL ANI PATENTED DWNMffXW TUAT WAY IN ANY WiAY BE RELATED TEITO.

NWN



~~V 777
__

~-~--~-

NJ-- -!

- - -. \ *i -4
v I

A .~

i~ 4

- -- ---.-----.----v-
- S

I ~
~i ~I

K *1

* .,*.-*~ f~JTLC~~.--
-

N .4

0

.v) - ~J.c TtM1~ S4WtSW



f

-set
III

_____ m - -- .. - ..



.-.....

711• ....

cs .... I /"

i. -. . . i. . . A

ii =  i-: --!! -!-Y! ..... T

'* *w oq . - ff.



V ___________-

-- . p

Vii ~:

I (
le.

V

I 9

Yr

I

I ____

a



Ii

14-*

i

C4 C. C

*~~Cl '~~ * ~ *suq \



t I
I 1*~~

I j 6~) -

* I

~
'-3

ii



I----

7X71777~. ~'fl 7**j

il(: ~ . ill
.~-- .. ~{:

- - ~ 1 1

Ke<<. .-..

-7-- ~-1
I I

I j



r ______________________

-7-4 _ I I
I 4 - I

4~K.
I 1' I

'U

-1~-** ..

-1 . I 'U
i~~~~~>1

it K
I I I

I, - - .- .. I
- N. I

-~ . -
It - . - '-'~ S

0 - - I

ii



PAl

SI -_



d - ..

8

S.- -

~
I . . ~Ii

I -*

---K ~a
I j

ILj I
-- *--~--.-..-~*- -

Sit-I tfl..I



F -I

I-

I
' I

'41 I

I' 7 ~ I
- I

N

U-' 0 - 'N -

*?f(
1
4 *td) ~1 ~aw

_____________________________________________________________________________



- .~-~.-------.--- I-.

.4'K.. JLJ

* . K. -I

~

i~, ~I- ~



r~------------------.-----
-

-

1
fl7-y-1~

1~~~~
I.

-f

* II! ~I~ii1~  - 'U

- :27- -7--
a-.

-: 7 . - H !
.- ~-..-..- - I ~

- jei
If -

I

-

h Z.(d *~4 ------- :~--- - ~



I - - - - -

4.

'S I -~
I I 1

I j
I~ g

-1 i

±~

II ~v
I ~ 1

.7 II
I III _ II

_____- - ~
N:'& 1--*~-*~----------- ~'-~\--1

- \\I

_

.5-.
."-l ~1E~Umg -~ C



I-

'I ~1

.1-iV
II
I ~ a

I \

~j ~%jI*- I -

- t.

~- 1- ~I ~U ~ III9;.



. *1

'U ---- "------------ - .-.-..-------

Ii
~..

1
T~~ -i ~:.u.uiii .:

H
at] I -

- I
~- . . . 'I

S -4 i

....
.. ~. ~

~ K 4K. .

I C

I..



r _________________________

-. .

~Ig U.. . 1-
I I ~ q
I ;\ m

-. 4------ 4 .~ . --..- - - - --- i

Ii __ .'~~7T7h1

- \ '~.

!. '~KA~I

I I ~
I - .

I
1 ~. - V



I IT7~777 -~ I

I)
_ - '4 IK-. -~~2t

nI~
~ I. U

hI ~--. -. I
I. I
I ± 1
I.

-I

I ~ V
I -.- '

~

U

- ..---.------.--- ..------- -

\ K
o . a I** -. ~- C

________________________________________________________________________________ I -



r
4

* I
I -~ I

- -~~- II I

- ~1~ ~ I
0 -~ ii~ i~* I

I I

- ~, I I
~ * I

* I ~ 'A..
-. I

I '~.. -

~* *

I. -- . * a

I. ,- - : I
I

-- . '~1
- . .

I ---.--- -.

I . - -

U

I I . * N



.- 1. .. ;.~1 ~ w
-- ~ !:j! -~

'.

- ;:li :~'
(I

*

I. ... ~

~ ~ -......

K

N



* ..... .... ...



_ - -.

iii

~. C

-" "- ' -



7

r

.! I

* I I

ii. -. I

-~ 1

* ~-- I

* ~s.
p - II I

I

I *q. I 1fl



-. 77
*40 ,..

.. .. I
~ Iv.~ *~ - B ~

I - -~ '
~- I.~ 3~!~ ~

I -I...
d ~ I
L ~2. II
.-.- b ' ~3

k. S -I
'.~.. ~ U:

*0

P
- I.. .- .- J

1S~~ ~ * %~~~v~ *I1IS~..I *

- ~-- ~ I



I I

K7~</7. 6.

I I.ri

I I j

t -

I :1
I -t

Al '
El

K -

'I

*
I
1 V

I- - A

It



I

-" 

',, J,

%111

\\ ,\\

,, -- \ .



0 I-- ~ ~ .~ A
I . I-

I'1't ;..

I ~ I i*~

*~ iII~

2
LI

9. 9

I -

I ... - 9

4



I " _ a" -

-j z.

.',

I

**i*1~............

* 45\

'\C

- -'N

.e'~ i au" iquw F e O O gF J I



L- NC,,LAIF_

_n~~l n-F II

ice I mo ! r

Sfirmed S~eri~ 'ehial Informat "on
A.RLINCAToN HALL STTIOltN

ARLINGTON 12 VIRGINIA

romAm F V-0"OTS311 THANM NCtWKVS4. " WMT A DEVDarrELY XLLAT Lb

go I'.doW.3(Lrry, Iqljt A41 QDLXATpK!ll Vg'%AZVr?% AJw TOYl f AC7T TAT TH16
oWVIUwxir MAY rUVI: IOaMULATZJ " UVAUbRUMD, OR IDt ANY WAY SUPPLELD 'I ME

SAW- ZT.IAWW(, bPl.;ClATkU. OR( Oo. DAI A is va -o a& ilL%~GRDKD sy
IMPLICATION Oft CrrEERIVfE AS DI AMlY 61AMMR LVCI!M; TRE HROZ= OR~ ANlY icHrr

Iwwmo coto).Al, OR connym.,I~ AmI RiWKTt 09 PV1RMUWV TO MANL'EACTURE.
ca si:; AY i;;aT w m DV;TaCmAr btAy im Ar4y %PAT U RJELA; &V THE~RETO.

\ibL _oD



p .. O. Co,

?lin t ~s13

-. ~ ~ ~ ~ u-' P,01---.-----

aCo'
4Piz

*r &-T ,



!4'N

I -- 4

10.



a "" WWI 1!1M 0

* I 1 C~. ~ ye- 1t. Ah
I A l AW

IIwro LAa u1%tiifib"*so

M. A) Dr '1Mw 1= 0 WYMM "FqXKJZ0p4 WL

Ir"0 =FnEj rCyqp m 0? UMAJ



ARIN4MN' HALL 8TA 'ION
AAJNM N 12 VIM IAt

OCN A

IP~d~'EIU~flD W kIU PWI
1 Man=

p~omd


